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ABSTRACT 
The mercury-fi l led self-healing fuses  developed for  this program 
afford very  good protection f r o m  faults for solid-state circuits.  
performance and design parameters  have been characterized. Trends in  
fuse behavior indicate good durability for  devices v i t h  very  small channels, 
A se r i e s  of sample fuses  using alumina and sapphire insulati,on haye been 
furnished to NASA for circuit  evaluation. Fuse  ratings a r e  100 volts, up 
to 15 amperes .  
Fuse  
vii  
SUMMARY 
The purpose of tKis program was to develop construction techniques 
for  mercury-fi l led self-healing fuses  and to resolve related technological 
problems. 
capability of 1000 operations. 
forces  and the large flux of heat energy generated in  the small fuse channel 
when the fuse is in operation a r e  the major factors  governing the utility of 
these devices. Sapphire, alumina and molybdenum were utilized as channel 
mater ia ls  for  this investigation. 
The objective ratings were 15 amperes  at 100 volts, with the 
Ea r l i e r  work indicates that the explosive 
The following three types of fuses were fabricated and tested: 1) alum- 
ina or sapphire devices with a single cylindrical channel, 2) alumina or 
sapphire devices with various forms  of very narrow channels, and 3)  s t ruc-  
tu res  of a sandwich geometry having conducting layers  of molybdenum or  
cermet  with alternate insulating layers  of glass ,  alumina or  rubber. A l l  
three types require pre-s t ressing of the insplation to prevent damage caused 
by the explosive forces .  The sandwich devices are also vulnerable to the 
shorting out of the insulating layers ,  caused by injected rne rcury ,  which 
makes cor rec t  fabrication of these s t ructures  more  difficult. 
Restrained bellows s t ructures  were designed to buffer the impact 
forces  and furnish restoring action to re turn mercu ry  to the fuse channel 
after fuse operation. A somewhat novel sealing technique w a s  a lso developed. 
A solid-state circuit  was used for  the fuse testing program. 
and voltage waveforms were carefully monitored in  order  to evaluate fuse 
circuit  protective capabilities and the amount of energy which could be 
accommodated by the fuse. The circui t  protective capability was found to 
be very good and consistent and is  thus amenable to straightforward calc- 
ulation for  fuses  of various s izes .  Also, the fuse is  capable of switching 
functions such a s  clearing momentary circuit  faults. 
Current  
To check fuse durability, close observations were made of the changes in  
Fuse  durability proved to  be ve ry  gaod when 
the electr ical  res is tance of the mercu ry  in the fuse channel as the channel 
became eroded by fuse action. 
the channel mater ia l  was strongly pre-s t ressed  to prevent mechanical 
damage caused by the explosive forces  and when the metal-vapor a r c  state ex- 
tinguished within second, Fuse  channels of less  than 0.008-inch 
diameter were found to provide better a r c  character is t ics  while multiple 
channel devices divided the a r c  energy very well. Thus, multiple smal l  
channels promise to  provide the best  fuse performance. 
The a r c  impedance increases  rapidly with decreasing channel s ize  
for  non-cylindric31 sapphire channels l e s s  than 0 .002  inch ac ross  and such 
devices could withstand long-term a r c  operation, thus providing remarkable  
cur rent-limiting capability. 
2 
INTRODUCTION 
The objective of this contract was to develop construction techniques 
for  a 15-ampere self-healing fuse in  a f o r m  conducive to manufacture. 
Related scientific and technological problems were to be identified and solu- 
filled, closed container consisting of two end r e se rvo i r s  connected by a 
small  insulated channel. In operation, contact i s  broken when excessive 
cur ren t  flowing through the channel vaporizes the mercury ;  after the fault 
has been cleared, contact i s  re-established when the mercury  is  forced 
back into the channel by gravity-independent restoring forces  supplied by 
the container. 
. tions formulated. In general, this fuse was to take the fo rm of a mercury-  
The nominal fuse rating sought was 15 amperes  a t  100 volts, with 
the fuse to be storable between -65OC and t150°C and operable at ambient 
temperatures  f rom -3OOC to t80°C, with the capability of 1000 or  more 
operations without failure.  
toward achieving these objectives , with the investigation limited to the use 
of mercury  as the metall ic medium. 
This repor t  describes the work performed 
The self-healing fuse in i t s  ear l ies t  conception' takes advantage of 
the very  large difference in  e lectr ical  resist ivity between the liquid state 
and gaseous vapor state of liquid metals,  typically mercury.  The work of 
severa l  other investigators has a lso been documented. 
work was pr imari ly  addressed to power distribution applications involving 
fault cur ren ts  of thousands of amperes ,  compared to the cur ren t  range of 
15 to a few hundred amperes  covered by this program and by the concurrent 
work a t  NASA performed by Dr. C. A. Renton. 
.b 4. , ., 
This ear l ie r  fuse 
Self-healing fuse operation involves three stages: (1) The energy- 
The channel cross-section i s  
limiting stage i s  defined by the energy required to heat  the liquid mercu ry  
in  the channel to its boiling temperature.  
then filled very  rapidly by a bubble of neutral  mercu ry  vapor, which 
simultaneously breaks down to a mercu ry  a r c  discharge. 
tion stage, the fuse voltage initially r i s e s  very  rapidly to a value determined 
(2 )  In the t ransi-  
J r  
R. L. Hurtle, patent Nos. 3,117,203 and 3, 158,786 
L. J. Goldberg, patent No. 3,273,018; L. P. Harr i s ,  patent No. 
3, 389, 359; J .  J .  Keenan, patent No. 3, 389,360 
::: :: 
3 
by the circuit  parameters ,  while current  simultaneously decays at a rate 
determined by these parameters .  During the transition stage, explosive 
forces  expel a l l  of the liquid mercury  f r o m  the channel. ( 3 )  After the 
transition, the mercu ry  arc either extinguishes or operates for  t imes of 
the order  of milliseconds with an a r c  impedance 100 o r  more  t imes greater  
than the resistance of the liquid mercu ry  column. Because the cur ren t  i s  
limited by the comparatively large a r c  impedance, these devices have also 
been te rmed "change of sfate cur ren t  l imiters" (CSCL's) in ear l ie r  work, 
The explosive transition forces  per  unit a r e a  are high -- generating 
p res su res  of the order  of 10 ,000  psi  - -  although the net force resulting is 
quite smal l  due to the very small channel sizes.  
limiting a r c  resul ts  i n  a large flux of heat energy per unit area for  the 
fuse channel walls, although the circui t  energy is limited to very  modest 
levels by the high arc  impedance. 
short  t ime and most  of the transition energy becomes heat at the walls of 
the fuse channel, transition stage heat energy also becomes an important 
factor. 
Similarly, the cur ren t  
Since the transition accurs  i n  a very  
4 
FUSE DESIGNS, MATERIALS AND FABRICATION TECHNIQUES 
In t e r m s  of technology, the background available f r o m  ea r l i e r  investi- 
gations of the CSCL devices cited in  the Introduction had established the 
existence of two major  factors  as governing the usefulness of these devices: 
(1) the device must  mechanically withstand the explosive transition forces ,  
and (2)  the fuse mater ia ls  must  withstand the large flux of heat energy 
generated within the fuse channel during the transition explosion and any 
subsequent current-limiting a r c  action. Thus these two factors  become 
p r imary  considerations in  selection of mater ia ls  and designs for  these 
devices. Because some practicable limits had to be established relative 
to the variations of mater ia ls  and designs which could be evaluated, and 
since the availability and fabrication techniques favored the use of alumina 
o r  sapphire a s  an insulator,  and molybdenum as a refractory metal ,  these 
three mater ia ls  were established a s  the major  candidates. 
SINGLE-CHANNEL ALUMINA OR SAPPHIRE DEVICES 
Where the channel geometry was a single cylindrical hole, more  ex- 
perimental  devices utilizing alumina o r  sapphire as the channel mater ia l  
were made and tested than any other category of device. 
obviously avoid the problem of injected mercury  shorting out the device, 
as can occur in  the case of the sandwich-type device. 
these devices utilize a single piece of heavy-walled tubing with a small hole 
(0.008- to 0.020-inch diameter) ,  they must  be pre-s t ressed  by compress-  
ing the tubing f rom the outside to overcome the tensile s t r e s ses  induced by 
the explosive transition forces  ~ 
Such devices 
However, since 
Three designs used in  these experimental  devices a r e  shown in F igures  
1, 2 and 3 .  
the best  performance in t e r m s  of resist ing the transition forces ,  and more  
fuses of this design were fabricated than any other. A completed fuse and 
its component par t s  a r e  shown pictorially in Figure 4, and various double- 
conical cores  can be seen in  Figure 5. 
The double-conical geometry device shown in Figure 1 provided 
The design of Figure 2 also performed well when the f i l ler  mater ia l  
(shown shaded in this cross-section) was of glass. Here the metal rest rain-  
ing rings apply a compressive res t ra in t  force to the glass due to differential 
thermal  contraction as the assembly cools after the glass  has  been molded 
in  place a t  approximately 1000°C. The epoxy f i l ler  used was a high temperature 
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Figure  1 - Double-Conical Geometry Fuse  Design 
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Figure  2 - Molded Fuse  Design 
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COUNTERBORE 
FUSE CHANNEL RESTRAINING 
Figure  3 - Titanium Ring F u s e  Design 
8 
Figure 4 - Double-Conical Fuse and Parts 
9 
aluminum-filled composition:k and fuses using this mater ia l  were r'eliable 
only up to fault currents  of approximately 150 amperes.  The Figure 3 
design which was leas t  successful, was used for  devices evaluated ea r ly  
in the program. In this configuration, titanium restraining rings were 
brazed in  place using standard active-alloy (titanium bearing) metal-ceramic 
sealing techniques. It was difficult to balance the s t r e s ses  where the tension 
rings ended, with o r  without the counterbores shown. 
the ends of the fuse channel provided the required electr ical  insulation. 
The open spaces near 
The sapphire tubing used in  the devices was single-crystal mater ia l ,  
.I. ,L 
grown in the f o r m  of tubing." Some tubing was large enough i n  outside dia- 
meter  to permit  fabrication into the required shape, and some was of outside 
diameter as small as 0. 030 inch, which was first  imbedded in  glass (by the 
usual hand glass-working techniques) and then fabricated into the desired 
configuration. 
The alumina mater ia ls  used were "high purity' '  commercial  alumina 
J .b .I. 
( 9 9 t  percent alumina) and a proprietary"""" "ultra-pure" (99.8-t percent) 
alumina body prepared in  General Elec t r ic ' s  Microwave Tube Operation 
ceramic  laboratory. 
The single-channel fuses  which were fabricated and were given signific- 
ant evaluation tes ts  a r e  listed in Table I. 
NARROW CHANNEL DEVICES 
In order  to gain additional insight into the parameters  affecting a r c  
This analytical study of high pressure  metal a r c s  in narrow 
operation in these devices, an extensive analysis of the a r c  mechanism was 
undertaken. 
channels i s  included a s  Appendix A in this report .  The more  pertinent 
resul ts  of this analysis are shown in Figure 36 where a r c  voltage gradient 
and cur ren t  density a r e  plotted with channel thickness as a parameter .  
Much higher a r c  impedance and somewhat lower a r c  plasma temperature 
a r e  predicted for  very  narrow channels by this analysis. 
and cylindrical channels can be accommodated in  this analysis by proper 
choice of a geometry factor.  
Both rectangular 
rl. 
*" 3M type 2214, 3M Company, St. Paul,  Minn. 55119 
.VI .l. ,.* p  Obtained f rom Tyco, Inc. , Waltham, Mass.  02154 
G. E. designation AT- 100 (Microwave Tube Operation, Tube Department) 
:;< * * 
10 
Figure  5 - Cores  and End Caps fo r  Double-Conical Geometry 
F u s e s  (Conventional Bellows Configuration Shown 
at the Left) 
11 
TABLE I - SUMMARY OF SINGLE-CHANNEL DEVICES 
F u s e  
No. 
A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
L1, L2 
L3 
s1 
s 2  
s 3  
s4 ,  s5, 
S6, S7 
Sa, S9 
s10  
s11 
s12 
S13 
Type of 
De sign 
Fig.  3 
Fig.  3 
Fig.  3 
Fig.  2 
Fig.  2 
Fig.  2 
Fig.  4 
Fig.  4 
Fig.  4 
Fig. 4 
Fig. 4 
Fig. 2 
Fig.  3 
Fig.  2 
Fig.  4 
Fig. 4 
Fig. 4 
Fig.  4 
Fig. 4 
Fig. 4 
- 
Channel 
Mater ia l  
99% Alumina 
9970 Alumina 
9470 Alumina 
9470 Alumina 
99% Alumina 
9970 Alumina 
9 9 70 Alumina 
997'0 Alumina 
99'7'0 Alumina 
99.870 Alumina 
99.870 Alumina 
Sapphire 
Sapphire 
Sapphire 
Sapphire 
Sapphire 
Sapphire 
Sapphire 
Sapphire 
Sapphire 
C hanne 1 
dia. x length 
.015 x I 140 
.015 x . 140 
,013  x . 140 
.015 x . 110 
.012 x .210 
0 012 x .200 
.020 x .450 
.020 x .300 
.020 x -450  
.018 x .300 
.018 x ,450 
.020 x .300 
e 020 x .300 
.020 x .250 
.020 x .300 
.020 x ,450  
.009 x .240 
.009 x ,220 
.020 x .450 
.012 x .320 
No. 
Tes ts  Dis po sition 
50 
55 
12 
21 
10 
12 
65 
5 
45 
-20 
20 
30 
20 
110 
-10 
-10 
50 
25 
20 
18 
Channel eroded 
Channel eroded 
C hanne 1 fractured 
Channel eroded 
Dismantled 
Dismantled 
::: * 
.I .b 'L' r
4. .I. *r 1. 
>;< * 
** 
* 
C hanne 1 fractured 
Dismantled 
J. 
"' Denotes fuses  available f o r  further tests 
.I, .b 9% 1
Denotes fuses  sent to NASA fo r  evaluation 
12 
Based on this analysis and promising experiments conducted in  
devices with very  small channels by Dr.  C. A. Renton a t  NASA-ERG, a 
ser ies  of fuses  with very narrow channels were fabricated and tested. 
Three narrow-channel configurations utilizing sapphire for  the channel 
mater ia l  are shown in Figure 6. These devices, f r o m  left to right, respec-  
tively, have fuse channels formed f r o m  seven sapphire rods (see c ross -  
section in Figure 7) ,  two half-cylinders (see Figure 8), and 0.008-inch bore 
sapphire tubing. The latter device was made in the double-conical geometry 
configuration of sapphire tubing imbedded in glass ,  a s  described in  the pre-  
vious section. 
by cementing a bellows section on each end using epoxy. 
is shown in Figure 9,  its cross-section being similar to that shown in 
Figure 2. 
The fo rmer  two configurations were fabricated into fuses 
A completed fuse 
Another experimental  narrow-channel device .was fabricated of quartz  
in  the configuration shown in Figure 10, where the 19 channels vary  f rom 
0.001 inch to 0.003 inch across .  
Figure 2. 
complex shapes,  although quartz is a l e s s  refractory mater ia l  than alumina 
or  sapphire. 
Appendix B predicts a lower temperature a r c  for the very narrow channels, 
a less  refractory material should be usable for  such devices. 
The fuse was assembled as shown in 
Quartz was chosen because it can readily be fabricated into 
Since the analytical picture of the arc mechanism derived in 
Three ear l ie r  experimdnts .with narrow'chanAe1 deyices used one o r  
more  rods held on one end and positioned in a closely-fitted hole to fo rm 
narrow channels. Two of these configurations a r e  shown in  cross-section 
in  Figure 11. One of the fuse s t ructures  i s  shown in Figure 12 after tes t ,  
when five of the seven rods were found to be broken after only eleven test 
fir ings.  
12, with the exception that i t  incorporated one sapphire center rod 0 .060-  
inch diameter ,  positioned in  a 0.062-inch diameter hole in  a sapphire piece, 
leaving a maximum channel width of 0. 002 inch. 
fuses incorporating the 0.060-inch sapphire rods,  the rods were broken 
after a few tes t  f ir ings,  indicating that such s t ructures  would have to be 
supported over the full  length of the fuse channel in order  to withstand the 
transition forces .  
which fulfill this requirement,  have performed well in resist ing the mech- 
anical forces  causes by fuse operation. 
A third device was s imilar  in s t ructure  to the one shown in Figure 
In the two aforementioned 
The fuse channel configurations shown i n  Figure 6, 
13 
Figure  6 - Narrow-Channel Fuse  Configurations Utilizing Sapphire 
Molded in Glass 
14 
Figure  7 - Rod Matrix F u s e  Configuration 
15 
SAPPHlRE 
GLASS 
Figure 8 - Cross-Section of Split-Sapphire Narrow 
Channel Fuse  
16 
Figure 9 - Completed Narrow-Channel Fuse  (Rod Matr ix  Structure  
Shown in  Foreground) 
17 
0 .0015” I. D. 
0.012“ 1.D. 
0.024”O.O. 
TUBING 
Figure  10 - 19-Hole Quartz Matr ix  Configuration 
18 
0.030" I.D. 
A LU MI N A 
CERAMIC 
Figure 11 - Cross-Sections of Multiple-Channel Fuses  
F1 (Top) and R 1  (Bottom) 
19 
SUPPORT STRUCTURE 
Figure 12 - Fuse R 1  Structure After Tes t  
(1OX Magnification) 
BROKEN RODS 
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SANDWICH STRUCTURE DEVICES 
Since refractory metals have definite advantages, both mechanically 
and thermally,  compared to the brit t le refractory oxides ( re fer  to Appendix 
B),  severa l  techniques of utilizing molybdenum were evaluated. The designs 
evaluated were  variations of a "sandwich" s t ructure ,  shown in basic f o r m  in  
Figure 13. Two mater ia l s  were used for  the discs  of the sandwich s t ructure:  
mo1.ybdenux-n ,metal and la 50 percent alumina-50 percent molybdenum cer- 
met. 
conductivity of molybdenum metal) ,  ei ther mater ia l  requires  intervening 
layers  of e lectr ical  insulation. 
thin layers  of fused glass  o r  plasma-sprayed alumina were the most  success-  
ful ,  while silicone rubber would withstand up to ten tes t  f ir ings with moderate 
compression applied along the axis of the fuse channel. Silicone rubber was 
not tr ied with heavy compression, but a several-fold improvement is con- 
sidered feasible,  based on tests of two devices insulated by silicone ,rubber. 
Since the ce rme t  is  an electr ical  conductor (approximately 1/10 the 
Of the mater ia ls  t r ied a s  insulating layers ,  
The cr i t ical  factor for  the sandwich devices tested was the need fo r  a 
good, continuous bond between the molybdenum or  ce rme t  disc and the 
insulating layer.  
to inject liquid mercury  between these layers  when the explosive transition 
forces  occur,  thus making it possible for  the fuse layers  to short. 
glass-bonded molybdenum ce rme t  sandwich will resist such forces .  
this configuration, the ce rme t  is heated with a torch to oxidize the molyb- 
denum on the surface of the ce rme t  and then the glass is fused between the 
ce rme t  layers ,  under pressure .  
to keep the fuse channel open during the glass-bonding process .  ) The plasma- 
sprayed alumina s t ructure  a lso was bonded strongly enough to resist mercu ry  
injection by the transition forces .  These devices were fabricated by plasma- 
spraying alternate layers  of molybdenum and alumina. The alumina layers  
are approximately 0.003-inch thick, the molybdenum layers  approximately 
0.010-inch thick, and the fuse channel is  a 0,020-inch diameter hole ground 
through the sandwich s t ructure  using a diamond dust s lurry.  
This bond must  be able to resist the strong forces  tending 
The 
In 
(A piece of stainless-steel  tubing was used 
The sandwich s t ructure  fuses  fabricated and subsequently given 
significant evaluation tes ts  are described in Table 11. 
EXTERNAL FUSE STRUCTURE 
The mechanical requirements for  the external fuse s t ructure  are not 
stringent and consequently caused l i t t le difficulty. 
generated in the fuse channel cause only small net forces  due to the very  
(The large pe r  unit forces  
2 1  
BELLOWS 
CTIVE ALLOY 
0.050” CERMET 
MOLYBDENUM 
FUSECHANNE 
Figure  13 - Sandwich Structure  F u s e  Design 
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TABLE 11 - SUMMARY O F  SANDWICH-TYPE FUSES 
C hanne 1 
F u s e  Insul. Conducting Dia. x Length No. of 
No. Mat'l.  Laye r s  (inches) Firing T e s t  Resul ts  
M1 Glass  4 0.020 x 0.068' 35 Mo erosion nil 
M2 S.R. 20 0. 020 x 0. 320 4 Severa l  l ayers  shorted 
. M3 S.R. 11 0.020 x 0.180 20 Severa l  l ayers  shorted 
M4 P. S. A. 10 0.020 x 0.130 15 Insulator erosion 
M5 G.A. 11 0.015 x 0.160 15 Several layers  shorted 
c1 V. G. 7 0,020 x 0.220 35 Two layess shorted 
Where: 
* I  
"M" fuses  have molybdenum conducting l aye r s  
C 1 conducting layers  are cermet (50 percent molybdenum-50 percent 
. -  alumina). 
S. R .  indicates Silicone Rubber 
P, S.A. indicates "Plasma-Sprayed Alumina" 
G.A. denotes No, 7052 g lass  over f lame-sprayed alumina 
V.G. denotes "Vitta" tape glass  No. 1 4 which is furnished as a 
powdered g lass  dispersed through a thin adhesive layer on 
plastic tape (Vitto Gorp., Wilton, Conn. 06897) 
ak 0.030 inch diameter  by 0. 100-inch long alumina tubing at each end 
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small a r e a  of the channel. ) The fuse s t ructure ,  however, mus t  supply 
gravity-independent res tor ing forces  to force mercu ry  back into the fuse 
channel after the fuse fires, and must  a lso allow for  thermal  expansion and 
contraction of the mercury.  
To accommodate these requirements end buffer sections were  provided 
on each end of the fuse,  consisting of a rigid cup and a flexible bellows in  a 
convoluted configuration, as shown in F igures  1 and 4. 
a lso fabricated using a more  conventional bellows design, shown in Figure 
5. The latter design, which is  somewhat more  flexible, may be the prefer -  
able design, although both performed properly for  the devices tested. 
Some fuses  were 
Because the transition forces  a r e  of very  short  duration, the impact 
effects of the force  a r e  quite high, and the bellows s t ructure  will be dis- 
torted unless some added restoring force is provided. 
plished by adding the res t ra in t  s t ructure  shown in F igures  1 and 4,  which 
limits the impact-induced flexing of the bellows but allows the bellows to 
move the required 4 percent (in volume) to provide for  thermal  expansion 
of the mercury.  
more  reliable for  this s t ructure ,  and some fuses  were fabricated using such 
a s t ructure .  
This can be accom- 
Using a heavy spring instead of a rigid post  is considered 
This version i s  shown in Figure 2. 
An improved seal-off technique was also developed. 
the seal-off technique used t o  seal the tubing required to evacuate the device 
and f i l l  it with mercu ry  had utilized a !'weld-pinch" procedure.  This tech- 
nique, widely used to sea l  off mercury-loaded electron devices,  consists 
of mechanically pinching the tubing closed and then resistance-welding the 
pinched section. The weld-pinch performed well as a seal-off technique, 
but a few devices failed to  s ea l  properly. This apparently resulted when 
mercu ry  became trapped by the pinch action, subsequently "exploding" when 
the weld was made. This problem was corrected by changing to a new tech- 
nique which provides a good seal-off without welding. This technique in- 
volves coating the inter ior  of the tubulation with a thin layer of silicone 
rubber (shown at the left in Figure 14) during fuse fabrication. When the 
fuse is  ready for  sealing-off, the tubing is flattened and folded, as shown 
at the right i n  the figure to effect a seal.  
to mos t  fuses  shipped to NASA. 
In ea r l i e r  fuses ,  
This seal-off technique was applied 
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Figure 14 - Silicone Rubber Seal-Off Technique 
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TEST AND PROCESSING APPARATUS 
The principal objectives of testing the experimental  fuses  investigated 
in  this program were (1) real is t ic  evaluation of their  c i rcui t  protective cap- 
abilities, and (2)  comparison of the performance of various fuse designs 
and mater ia ls .  
because the circuits in  which fuses  are applied influence fuse operation in  
impartant ways, i e . ,  circuit  parameters  determine fault current  rise t ime,  
the maximum fault current ,  and the transient overvoltage and energy the 
fuse must  accommodate during the transition stage. 
A "standard" circuit  was thus used for  most  fuse tests, 
Since one principal application of such fuses would be the protection 
of solid-state devices, the simulated fault current  was passed through a 
silicon-controlled rectifier (SCR), which was also utilized to switch the 
fault cur ren t  during the testing. The circuit  devised for  evaluating fuse 
performance is  shown in Figure 15. The fault current  first passes  through 
R3, a variable res i s tor  bank, SCR-1, then to the fuse being tested and sub- 
sequently current-viewing r e s i s to r  R2. The t e s t  i s  initiated by a simple 
switch-actuated single-pulse circuit ,  consisting of B1, C1, L1 and R1, 
which actuates SCR-1. The protective circui t  is  tr iggered by coupling to 
the ve ry  fast-rising voltage that appears ac ross  the fuse when it interrupts  
the simulated fault current.  This voltage, suitably attenuated, actuates 
SCR-2 and thereby re lay  K1. 
to  properly interrupt  the current  for  tes t s  in  which the fuse a r c  state per -  
s i s t s  beyond approximately 0.008 second. 
cur ren t  goes to zero  (or  a very  low current)  allowing SCR-1 to switch off 
before the K1 contacts open. 
The light (10-ampere rated)  K1 contacts open 
F o r  most  fuse tests the fuse 
Circuit  breaker  K2 protects the circuit  f rom being damaged during 
the occasional fuse o r  circuit  failures.  
"dropout" time of approximately 0. 04 second, following the actuation of the 
protective circuit  described above. 
cur ren t  was allowed to pers i s t  for  0.04 second, the K1 contacts were bypassed. 
The K2 contacts open af ter  the normal  
F o r  fuse tes t  where the fuse arc state 
Figure 16 depicts the t e s t  apparatus. The cage-enclosed (for safety 
purposes) apparatus i s  an existing test facility which includes metering, 
switching, c i rcui t  b reakers ,  variable r e s i s to r  bank R3, and associated c i r -  
cuitry. 
under test, which i s  enclosed in  the fuse t e s t  box. The fuse t e s t  box elimin- 
a tes  the possibility of injury that might resul t  f r o m  flying pieces of an explod- 
ing fuse and contains most  of the toxic mercu ry  vapor which would otherwise 
escape if  a fuse failed. 
the fuse and the light f r o m  the fuse arc during testing. 
The SCR panel includes the other t e s t  c i rcui t ry  except for  the fuse 
The clear  plastic top @errnits visual observation of 
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Where: 
SCR - 1 = Type C-35 Silicon Controlled Rect i f ier  
SCR-2 = Type C22AR66 
D1, D2, D3, D4 = Diodes Protecting SCR's from Overvoltages 
D1 = 1N1362 Zener Diode (20 Y )  
D2, D3 = 4 JA27P Diodes 
D4 = 1N1523 Zener Diode (10 Y)  
K1 = G E  Cat. No. 2790-ElOOA2 Relay 
K2 = Custom-made Circui t  Breaker  
R 3  = Variable Resis tor  Bank 
R2  = Viewing Res is tor  
F igure  15 - Test Circuit  for  CSCL Devices 
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Figure 16 - Fuse Test Apparatus 
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The oscilloscope and camera  were  used to monitor t h e  fuse current  
and voltage. 
'Ifault" current  for each tes t ,  one the a r c  current ,  and one the fuse voltage. 
A typical oscilloscope picture is  shown at the top of Figure 17, with the 
current  and voltage t r aces  redrawn as separate curves a t  the bottom. 
t r aces  a r e  overlapping in the photo to enable grea te r  resolution of the traces. 
The upper t r ace  in  the photo records only the smaller  currents  of the a r c  
state - -  typically 3 to 25 amperes  - -  and enables accurate measurement  of 
the arc impedance, compared to the lower t race  which records the "fault" 
current  and has a resolution typically 1/10 that of the upper t race.  
Three oscilloscope t r aces  were used -- one to measure  the 
The 
The dc supply voltage consisted of a bank of ten 12.6-volt automotive 
lead-acid batteries for  most  of the fuse tes t s  conducted. 
in  Figure 18, i s  a very  convenient low-impedance source,  with an internal 
resistance of-approximately 0. 1 ohm and an inductance of approximately 
5 pH due to the connecting leads. The other c i rcui t ry  contributed at  least  
10 pH of lead inductance, o r  15 pH minimum inductance for these fuse tes ts .  
A selector switch provides a range f r o m  36 to 120 volts, in  12-volt steps. 
Tests  were also conducted using a 6-phase rectified (60-HZ ac)  supply with 
an internal resistance of 0. 1 ohm, a 150-pH inductance, and a voltage var i -  
able f rom 0 to 80 volts dc. 
used for  some tests.  This supply has an  internal  res is tance of 0.2 ohm 
and an inductance of 300 pH. 
battery-bank supply was comparable to the performance of modern solid 
state fast-acting circuits and therefore was more  appropriate for  fuse tes t s  
than the more  inductive supplies. F o r  example, higher peak fault currents  
a r e  experienced by fast-acting circuits. 
This supply, shown 
A 125cvolt plant-wide dc supply line was also 
The inductance-limited response t ime of the 
PROCESSING EQUIPMENT 
Existing vacuum equipment was adapted for  use in  processing these 
fuses ,  ie. for  evacuating fuses and loading o r  unloading the mercury  f i l l .  
The processing station depicted in  Figure 19, consists of a mechanical 
vacuum pump, liquid nitrogen t rap,  vacuum gage, glass valve, and rotat-  
able glass mercury-loading adapter. 
ing tape::: to "outgas" the glass  and to redis t i l l  mercu ry  to obtain mercu ry  
of very high purity when desired (no improvement in  fuse performance 
could be noted when commercial  triple-distilled mercu ry  was redistilled). 
The liquid nitrogen t r a p  improves vacuum pressure  as well a s  effectively 
preventing mercu ry  f r o m  contaminating the vacuum gage and pump. 
The glass assembly is  heated by heat- 
$"Briskeat" No. B-2 1 / 2  tape, Briscoe Mfg. Company, Columbus, Ohio 
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(a)  Photograph of Oscilloscope Traces  
TIME-M I LLI SECONDS 
(b)  Waveforms Separately Redrawn 
Figure  17 - Current  and Voltage Waveforms for  a 
Typical Fuse  T e s t  
30 
Figure  18 - Battery DC Voltage Supply 
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Figure 19 - Fuse  Processing Apparatus 
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TEST PROCEDURE§ AND RESULTS 
The test procedures used to evaluate fuse performance have been 
separated into five secti'ons for convenience of reporting: (1) Circuit  protec- 
tion capability, (2) effects of transition explosion, ( 3 )  impedance of current-  
limiting a r c ,  (4) thermally-induced bore erosion, and (5) multiple-channel 
devices. These procedures and test resu l t s  a r e  discussed in  this order  in  
the paragraphs that follow. 
CIRCUIT PROTECTIVE CAPABILITY OF SELF-HEALING FUSES 
The p r imary  protective function of cur ren t  limiting devices such as 
those investigated here  is to limit the energy that other circuit  devices are 
subjected to during circui t  faults. This investigation has been limited to 
the protection of solid-state devices. The energy limit for  solid-state 
devices due to joule heating of the junction i s  usually defined by an  12t 
rating, where I is fault cur ren t  in rms amperes  and t is the fault duration 
time in  seconds. This applies for  a range f r o m  approximately 10-5 second 
to second. F o r  shorter  periods,  the time ra t e s  of change of current  
o r  voltage bcome the more  important factors  for  solid-state devices due to 
carrier dr i f t  velocity limitations. F o r  faults of longer duration, heat 
capacity and heat conduction of the s t ructural  members  become important 
both f o r  cur ren t  l imi te rs  and solid-state devices. Figure 20 i l lustrates  
this energy relationship, including an  approximate transition toward the 
steady-state rating for  three typical solid-state devices and actual test 
performance of three fuses .  
for  the 25-ampere SCR can be provided by the 0.020-inch "family" of fuses ,  
while the 0,014-inch fuse would be applicable for  the 7-ampere SCR. 
R3 i l lustrates  the performance of a fuse of a non-circular bore c ross -  
section. Inherently, such fuses have a mercury  channel of la rger  wall 
area but smaller  volume, for  an equivalent fuse rating, as compared to a 
circular  cross-section. 
section devices tend to be lower at high currents  and the fuse R3  curve 
approximately r epr  e s ents the energy -limiting character is t ic  of most  
narrow - channel fuse s tested. 
These curves show that adequate protection 
Fuse 
Thus, the I 2 't ratings of non-circular c ros s -  
2 Figure 20 also provides a convenient means of approximating the I t 
energy for  each test ,  since the rms "fault" cur ren t  can be readily approxi- 
mated f r o m  the photographed oscilloscope t race made for most  fuse tes ts ,  
and the t ime can be directly read  f r o m  the t race.  By plotting the cur ren t  
and time on Figure 20 and extrapolating between the constant 12k l ines,  a 
good approximation of the I 2 t- energy fo r  the fuse t e s t  is easily obtained. 
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Two mechanisms pr'imarily' determine energy limiting character is t ics  
of the fuse. 
channel and heat conduction f r o m  the mercury  in  the channel to the walls of 
the fuse channel. 
millisecond o r  less, and heat conduction dominates for  t imes longer than 
100 milliseconds with curved transition between these sections as shown 
in Figure 20. 
These are specific heat  capacity of the mercu ry  in  the fuse 
Specific heat dominates for  fir ing t imes of about one 
The effects of cur ren t  conducted by the fuse during the current-limiting 
a r c  state is neglected in  the energy limiting considerations described above. 
This i s  usually a ve ry  good approximation for  these fuses  because the cur ren t  
during the arc  state is usually comparable to the normal  circuit  cur ren t  and 
thus contributes little energy during the occurrence of a circuit  fault. 
arc also often extinguishes itself after a very  shor t  time ( 
l ess ) ,  
The 
second o r  
EFFECTS O F  THE TRANSITION EXPLOSION 
The principal experimental  and analytical efforts during this program 
were  directed toward evaluating the two major  factors  governing the dur-  
ability of the fuses:  (1) the device mus t  mechanically withstand the explosive 
transition forces ,  and (2)  the bore mater ia ls  must  resist erosion due to the 
large flux of heat energy generated within the fuse bore during fuse operation 
(refer  to "Thermally Induced Bore Erosion" subsection). 
Based on ear l ie r  work with self-healing fuses ,  it was logical that the 
more  complex of these two factors  would be the bore erosion factor.  Con- 
sequently, mos t  of the fuses  fabricated were more  heavily res t ra ined than 
necessary  in  order  to eliminate "explosion" fai lures ,  which will usually badly 
damage o r  destroy a fuse,  thus allowing more  opportunity to evaluate bore 
erosion. 
Explosion forces  a lso can generate comparatively minor damage which 
i s  cumulative with each t e s t  operation, in a manner similar to the effects of 
heat-induced erosion on fuse performance. 
wich devices described previously, fuse C1 and fuse M4, performed in  this 
manner during fuse tes ts .  
fuses  after testing a r e  presented in Figure 2 1  for  fuse C1 and Figure 22 for  
fuse M4. Visual microscope examination of these sections indicates that 
cracking and chipping of the brit t le insulating layers ,  caused by the explo- 
sive transition forces ,  contributed to the erosion of the insulating layers .  
Two of the molybdenum sand- 
Enlarged sections showing the bores  of these 
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GE RMET 
Figure 21 - Section of Fuse  C1 Channel After T e s t  
(1 OOX Magnification) 
' CH AN N.EL 
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Figure 22 - Plasma -Spr aye d Molybdenum- Alumina Sandwich 
of Fuse  M4 After Tes t  (180X Magnification) 
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The bore of fuse S3 was s imilar ly  cracked and chipped when examined after 
tes t .  Fuse  S3 was a sapphire cylindrical-bore type tested ea r ly  in  the 
program. 
The performances of these fuses during testing, in t e rms  of bore en- 
The bore enlargement o r  erosion largement,  a r e  i l lustrated in  Figure 2 3 .  
i s  represented by the lowering of the electr ical  resistance of the mercu ry  
in  the fuse bore,  which accurately measures  the average cross-section of 
the bore.  The approximate heat energy absorbed by the fuse bore is calcul- 
ated as the sum of 2 / 3  the electr ical  energy dissipated during the transition 
explosion and all the energy dissipated by the fuse arc. 
a r e  calculated f r o m  the oscilloscope t races  recorded at the fuse tes t .  
These energies 
The 2 / 3  factor is  estimated by reasoning that 2 0  percent of the t ransi-  
tion energy is  expended in mechanically ejecting mercury  f r o m  the a r c  
channel during the transition explosion, which las ts  less  than 
During this short  period, the atomic density in  the a r c  channel decreases  
by about a factor of 100, f r o m  the density of liquid metal  to that of an a r c  
of a few atmospheres p re s su re  and perhaps 15,000 K temperature.  
l eas t  0 .01  eV of energy must  be imparted to each mercu ry  atom expelled 
f r o m  the channel to move it 0. 5 c m  in l e s s  than l o w 4  second. The atoms 
remaining in  the channel require  a vaporization energy of about 0.6 eV per  
atom, a thermal  energy of about 2 e V ,  and, with 10 percent ionization, 1.25 
eV per  atom for  ionization and electron thermal  energy. Thus, if other 
energy sinks have negligible effect during the transition, approximately 2 0  
percent of the input energy must  be expended in mechanically pushing ma- 
terial f rom the a r c  channel into the buffer volumes at the ends. Since mos t  
of the 0.6-eV vaporization energy is absorbed by the liquid mercu ry  when 
it is returned to the fuse channel, the channel walls absorb the remainder,  
approximately 2 / 3  of the transit ion energy. After the transition, all the arc  
energy i s  absorbed by the channel walls because the energy situation i s  in  
comparative equilibrium and all energy input is continuously dissipated at 
the channel walls. 
second. 
0 At 
The behavior of fuse A2 shown in Figure 2 3  is considered to have 
resulted f r o m  extensive thermally induced bore erosion during testing. 
Fuse  A2 was fabricated in  the configuration of Figure 3 ,  with commercial  
alumina of 99 percent  purity as the bore material .  
i s  shown here  because the bore of this sapphire cylindrical bore fuse was 
more  obviously cracked and chipped than other sapphire bore fuses  tested. 
The surface of the fuse S3 bore i s  believed to have been cracked and weakened 
during operation pr ior  to the sudden change shown in Figure 2 3 ,  and the bore 
The behavior of fuse S 3  
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mate r i a l  was then loosened and ejected f rom the bore during one of the fuse 
tes ts .  
which provides only moderate r e s t r a in t  to the sapphire and thus i s  more  
likely to experience mechanical damage. 
Fuse S3 was fabricated in the configuration of Figure 2,  using epoxy, 
-When the fuse channel mater ia l  was well res t ra ined by the fuse s t ruc-  
ture  and suffered very  little mechanical damage during fuse testing, better 
data pertaining to bore erosion were obtained. 
IMPEDANCE O F  CURRENT-LIMITING ARC 
The high impedance character is t ic  of the stable a r c  in narrow channels 
has  been generally demonstrated by the narrow-channel devices tested. 
Figure 24 depicts the rat io  of the impedance of the stable a r c  to the cold 
resis tance of the liquid mercury ,  a s  a function of channel width f o r  severa l  
experimental  fuses .  
for t imes on the order  of l o m 3  second, o r  until the a r c  was generally stable, 
a s  i s  shown by the oscilloscope t race .  
derived f rom Figure 36 Appendix A .  
The data represent  tests where the a r c  would p e r s i s t  
The "themetical" a r c  impedance i s  
The data i l lustrate  the variable behavior of the stable a r c  for  different 
devices, in that the average data shown in Figure 24 differ as much a s  2 to 1 
for  different devices of essentially the same mater ia l s  and geometry. Each  
device i s  comparatively consistent in i t s  average performance, although the 
a r c  impedance var ies  with time over a 3 to 1 range for  a given tes t  f ir ing of 
an individual device. 
a t  about lom4 second after f ir ing (just a t  the end of the transit ion stage) and 
the higher extreme at 
The lower extreme in impedance would generally occur 
second o r  la ter .  
There i s  a lso reasonable agreement  between the theoretical  and experi-  
mental  performance f o r  these devices, in that the ratio of theoretical  to 
experimental  impedances i s  approximately 1 . 8  fo r  the data obtained. This 
i s  considered good agreement f o r  an analytical treatment that  uses  a number 
of simplifying assumptions to provide approximate character is t ics  f o r  such 
a r c  discharges.  
The a r c  impedance was found to decrease with time for  a few of the 
fuse tes ts  recorded,  contrary to the usual experience described above. 
most  of the tes t  f i r ings where the a r c  impedance decreased with t ime, i t  
could also be established that the fuse channel was simultaneously being 
enlarged appreciably due to thermally induced bore erosion. Logically, the 
reason for the decreasing a r c  impedance would be the widening of the a r c  
F o r  
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Figure 24 - Ratio of A r c  Impedance to Liquid Mercury Resistance 
for  Various Channel Diameters 
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channel. 
s t r i c t  the arc and thus increase impedance, and very feiw of the atoms 
likely to be present  in  these vapors would tend to reduce arc  impedance 
appreciably. ) The decreasing arc impedance can be noted in the fuse tes t  
cur ren t  and voltage waveforms shown i n  Figure 25 for  fuse S10. 
ance changed f r o m  approximately 22 ohms to 13 ohms in the 22 millisecond 
duration of the a r c  for  this tes t  firing. 
f r o m  0. 010 inch to 0. 015 inch in  diameter during this tes t  firing. 
(Material  evaporated off the channel would tend to cool and con- 
The imped- 
Fur the r ,  the fuse bore was enlarged 
THERMALLY-INDUCED BORE EROSION 
In considering the complex mechanisms responsible fo r  thermally 
induced bore erosion, there  is  one simplification that can be readily derived 
ie .  the thermal  effects of the transition explosion a r e  slight for  mater ia ls  
as refractory as the high purity aluminas. Analytically, it can be calcul- 
ated that, for  a 10-volt low-inductance circui t  that will provide 500 amperes  
of short-circuit  current ,  l e s s  than 3 joules of thermal  energy must  be 
accommodated by the fuse bore, based on the mechanisms described ea r l i e r  
i n  the "Transition Explosion" discussion. Experimentally, it has  been found 
that a lmost  all thermal  bore erosion occurs when the a r c  pers i t s  for  t imes 
on the order  of second. 
This factor makes the tendency of the fuse a r c  to be self-extinguishing 
important for  reasons other than the fault-clearing function described ea r l i e r  
under "Circuit Protective Capability". 
cold resis tance of 0. 04 ohm and an  impedance ratio of 250 would limit the 
a r c  cur ren t  to -10 amperes  in a 100-volt circuit .  
channel to dissipate 1 joule per  millisecond. 
is doubled in  3 milliseconds, tripled in  6 milliseconds, etc. In five to ten 
milliseconds this massive energy input ra te  begins to overcome thermal 
iner t ia  and the surface temperature  increases  more  rapidly. (This time 
factor is  a lso seen in  the 1 2 k '  curves of Figure 20. ) Evidence f rom fuse 
tes t s  indicates that mos t  bore erosion takes place when the a r c  pers i s t s  10 
milliseconds o r  longer. The higher impedance rat io  is  a lso important i n  
limiting thermal  energy, of course - -  a 500X ratio device having half the 
energy rate  of 250X device. 
F o r  example, a fuse with a typical 
This requires  the fuse 
Thus the total thermal  energy 
The advantage of operation where the arc is  self-extinguishing is well 
i l lustrated in  Figure 26 for  fuse A7. The tes t  circuit  SCR was bypassed f o r  
this t e s t  so  the fuse continued to pass  cur ren t  until the protective circui t  
re lay  opened, and the fuse reclosed and ref i red twice after the init ial  firing. 
The striking factor  in  such test fir ings i s  the rapid reduction in  c i rcui t  
energy allowed by successive fuse fir ings.  
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Figure 25 - Current Voltage Waveforms fox S-8 Showing 
Decreasing Arc Impedance 
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Figure  26 - Cur ren t  Voltage Waveforms for  F u s e  A7 
Showing F u s e  Refiring 
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The I't energy was 4 joules for  the first firing, 2 joules for  the 
second, and 1 joule for  the third. 
increase.  
a r c  stage alone was 3 joules, even though the arc  was of unusually high 
impedance for  a 0.024-inch diameter cylindrical bore fuse during this t e s t  
firing. 
ing and refiring, o r  about 0.7 joule per  millisecond when the arc  state per -  
sisted, as shown i n  Figure 26. The more usual fuse operation for  arc  self- 
extinction is  shown in Figure 27 where a r c  extinction occurred at the end of 
the "transition" stage and the circuit  SCR switched off the current.  
The time between firings also tended to 
By contrast ,  the energy dissipated in the fuse bore during the 
The bore experienced about 0 .3  joule per  millisecond when extinguish- 
The tendency of the a r c  to extinguish is  greater  when the a r c  i s  un- 
stable, and the instability for a given device should be a function of the fuse 
voltage gradient imposed by the circuit. This relationship i s  represented 
by the arc behavior predicted in  Figure 36 where the unstable behavior i s  
expected for  operation at voltage gradients below the curve for the channel 
width of the device. 
fuses  a r e  reasonably consistent in their  arc extinction character is t ic ,  such 
that there  is  a voltage threshold above which more  stable a r c  behavior is  
experienced. However, different devices of very  s imilar  geometry behave 
differently, leading to some inconsistency in this voltage relationship. 
Experimentally, it has  been demonstrated that specific 
There i s  a lso an appreciable difference between the a r c  extinction 
behavior of sapphire fuse channels and other l e s s  refractory channel ma- 
ter ia ls .  Such a r c  extinction character is t ics  a r e  shown in  Figure 28 for  a 
group of representative fuses ,  where the average threshold voltage gradient 
for  a r c  stability i s  plotted a s  a function of channel width. 
that the difference in a r c  extinction between sapphire devices and alumina 
devices i s  appreciable for  the wider channels but may  be slight for  the very  
narrow channels, although consistent data were obtained f rom only one such 
alumina device. 
havior, as is  shown in  Figure 28. 
The data indicated 
The one quartz device tested also exhibited similar be- 
The ra te  of thermally induced erosion was very  difficult to define accur-  
ately because of the e r r a t i c  behvaior of the a r c ,  which made it very  difficult 
to predetermine the amount of energy for any single tes t  operation. 
data considered to be most  representative of thermally-induced erosion a r e  
shown in Figure 29, which i s  s imilar  to Figure 23 except for  the "joules" 
scale. A s  in  Figure 23, bore enlargement i s  represented by lowering of 
the electr ical  res is tance of the mercu ry  in  the fuse bore. 
one or  two tes t  operations produced the discrete  changes in bore a r e a  shown. 
The 
F o r  these data, 
It is  logical that, the thermal  erosion of the channel would be a function 
of energy per  unit a rea ,  but this did not appear to hold s t r ic t ly  true.  The 
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TtME - MICROSECONDS 
Figure  27 - Current  and Voltage Waveforms €or Fuse  
Operation with Rapid A r c  Extinction 
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0 = ALUMINA ONE-CHANNEL FUSES 
0 = SAPPHIRE ONE-CHANNEL FUSES 
A =  SAPPHIRE ROD MATRIX FUSE 
0 = QUARTZ MATRIX FUSE 
ARC EXTINCTION THRESHOLD VOLTAGE GRADtENT - VOLTS / CM 0 3 '0 
Figure  28 - A r c  Extinction Threshold Voltage Variation with 
Channel Diameter 
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Ilflatf' channel devices - -  ie. those having the very narrow rectangular 
channel cross-section of Figure 8 - -  eroded with a lower energy density 
than the devices having cylindrical channels, by a factor of about 2 to 1. 
This i s  probably due to uneven distribution of the a r c  energy in the channel. 
One o r  both of the following factors may contribute to the uneven distribution: 
(1) The channel width var ies  somewhat and a higher plasma temper-  
a ture  i s  expected for wider channels, based on the analysis i n  Appendix A. 
The radiation- t ransfer  mechanism dominates he re  and is a fourth-power 
function of temperature,  meaning a slight increase in  plasma temperature  
causes a much la rger  increase in  energy dissipated a t  the walls. 
(2) The channels have a rat io  of width to thickness of 24 o r  more ,  so 
the a r c  conditions may vary widely due to evaporation of l e s s  refractory 
mater ia ls  such a s  glass  bonding mater ia l  f rom the channel walls, leading 
to  selective restr ic t ion of the a r c ,  comparable to the effect described above. 
Moreover,  the two flat channel devices which eroded were found to be 
enlarged to a round o r  oval opening, as may be seen in  Figure 30 ,  when the 
fuses were dismantled and examined after test. This follows logically f rom 
factor (1) above, since the a r c  energy would become m o r e  concentrated as 
the channel eroded, ie. there  should be a trend toward eroding out a com- 
paratively small  oval channel ra ther  than a general eroding away of the 
who1 e channel 
The data f rom cylindrical bore devices thus a r e  considered more  
representative of the ability of these mater ia ls  t o  r e s i s t  thermal erosion. 
The cylindrical sapphire begins to erode at 200 to 300 joules per  cm2 with 
a n  a r c  duration of the order  of second, while the alumina cylind ical-  
channel devices begin to erode at 100 to 200 joules pe r  cm2 fo r  a 10 
a r c  duration. Since the aluminas soften a t  about 85 percent of the sapphire 
softening temperature  (2000'K vs. 2350°K), and the fourth-power radiation 
factor i s  applicable, a difference in  energy tolerance of 0. 85-4 = 1. 93 
would b e  expected, so  the ratio of about 2 to 1 between sapphire and alumina 
i s  in  order.  
tolerance. ) 
- 5  second 
(The one quartz device tested indicated much poorer energy 
The ear ly  erosion behavior of fuses TS-3 and TL-1 depicted in  
Figure 29 represents  excess glass bonding mater ia l  being eroded from 
the channel. (The excess glass was visible by microscope examination 
before test. ) Fuse  TL-1 was dismantled and examined a t  the point noted 
and no bore erosion was detectable. Fuses  TS-1 and TS-2, identical in  
s t ructure  to fuse TS-3 (see Table 111) experienced very s imilar  ear ly  ero-  
sion of excess glass f rom the channel. Fuses  TS-1 and TS-2 were examined by 
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Figure 30 - Channel Structures  of Fuses  TS-3 (Left) and TL-1  After 
Test .  
in diameter at the center of i ts  0.0015 x 0. 090 inch channel. 
Fuse  TL-1  has an oval approximately 0,012 x 0.040 inch a t  
the center of i t s  0. 0025 x 0.065 inch channel. ) 
(Fuse TS-3 has a hole approximately 0.015. inch 
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TABLE III - SUMMARY OF NARROW-CHANNEL DEVICES 
Fuse  
No. 
F1 
R1  
R2 
R3 
- 
TS- 1 
TS-2 
TS-3 
TL- 1 
Ql 
Type of Channe 1 
De sign Mater ia l  
Fig.  11 
Fig.  1.1 
See text 
Fig. 7 
Fig. 8 
Fig.  8 
Fig.  8 
Fig. 8 
Fig.  10 
Alumina 
Alumina 
Sapphire 
Sapphire 
Sapphire 
Sapphire 
Sapphire 
A lumina 
Quartz 
Channel 
Min. Size 
x Length 
003 x e 180 
. 002 x . 140 
. O O l  x 180 
.005 x .210 
.0015 x + 180 
0015 x ' .  150 
. 0015 x e 150 
.0025 x . 150 
m 001 x .200 
No. 
Tes ts  
13 
12 
15 
15 
55 
70 
15 
12 
'8 0 
Di s po s ition 
Rod broken 
Rod broken 
Rod broken 
Dismantled 
Channel eroded 
Channel eroded 
Dismantled 
(A) 
(B 1 
Notes: (A) Center rod dislodged by las t  tes t  
(B) External  s t ructure  leaks mercury ,  could be rebuilt 
microscope and no thermally induced erosion of the sapphire was found, 
because the a r c  tended strongly to extinguish in 
fuses. 
course,  because there is  no extraneous mater ia l  i n  the channel. 
second or  l e s s  for these 
The cylindrical bore devices do not experience this early-erosion, of 
Because of the factors  described above, the cylindrical channel fuses  
furnished to NASA should enable the most  representative data relative to 
bore erosion under long-term operating conditions. 
forming tes t s  of 1000 or  more  operations should thus be performed using 
the 15 fuses furnished to NASA for  use in such tests. 
The objective of per -  
The character is t ics  of these fuses and the recommended maximum 
circuit  voltage a r e  shown in  Table IV. 
selected to l imit  the a r c  current  to approximately half the fuse rated current ,  
based on a r c  impedance. 
The maximum voltage has  been 
Although the original objective had included 1000-operation tes ts  for  
some of the fuses ,  the fuses  were shipped to NASA instead for performance 
testing, at their request.  The fuses  furnished were fabricated of three ma- 
ter ia ls ,  and in  a variety of channel s izes  (as  shown in  Table IV) ,  to evaluate 
a range of fuse design parameters .  
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TABLE IV - OPERATING CHARACTERISTICS O F  FUSES 
SEND TO NASA 
F u s e  
No. 
A7 
A8 
A9 
L1, L2 
:K 
L3 
s 4  
C hanne 1 
Dia. x Length 
.020 x -450 
.020 x . 300  
.020 x .450 
.018 x , 3 0 0  
.018 x .450 
.020 x . 3 0 0  
Approx. A r c  
Impedance 
Ohm 
7 
6 
9 
8 
12 
5 
Max. 
Circui t  
Voltage Notes 
90 (1) 
75 
100 
90 
100 
S5, S6,  S7 .020 x . 3 0 0  5 50 
S8, S9 .020 x .450 7 75 
s 1 1  -009  x ,220 28 75 ( 3 )  
s 12 a 020 x .450 7 75 
S13 .012 x .320 20 100 (4) 
I 
.I, 1
All  fuses  a r e  of the Fig.  4 design with fuse ratings of 15 amperes  
unless noted 
F u s e  channel materials a r e  keyed by fuse number: 
"A" denoted 99% alumina 
liLl1 denotes 99. 8i-7'0 alumina 
"S" denotes sapphire 
(1) Channel eroded to 0.024 inch diameter  during tes t s ;  fuse rat ing 
is 20 amperes  
(2) Badly damaged by t e s t  operation in  unprotected circui t  by NASA 
( 3 ) F u s e  rating is 5 amperes  
( 4 ) F u s e  rat ing is  7 amperes  
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MULTIPLE-CHANNE L DEVICES 
In t e r m s  of a r c  extinction, a r c  impedance, and bore erosion, the be- 
havior of the multiple-channel devices tested was substantially the same as 
that observed in  the single-channel devices. 
The performance of the six-channel devices fabricated f r o m  sapphire 
in  the configuration of Figure 7 was as consistent as that of the 0.009 o r  
0.010 inch diameter cylindrical bore single-channel sapphire devices, and 
they were similar in  arc-extinction voltage and a r c  impedance ratio,  indic- 
ating that a r c s  were established in  all s i x  channels. There was also no 
tendency of fuse channels to reclose while the a r c  was passing current.  
There was definite evidence of preferential  erosion in  tests of the 
devices shown in Figure 11, in  that the outer alumina members  emded  and 
sapphire inner members  did not. 
experience cited ear l ie r  for  alumina and sapphire bore mater ia ls .  
This was not unexpected, based on the 
The only unusual behavior attributable to the multiple-channel con- 
In the majority of the fuse Q l  tes ts ,  the fuse would 
figurations was experienced with fuse Q l ,  the 19-channel cross-section 
shown in Figure 10. 
partly reclose for a few microseconds severa l  t imes before the circuit  SCR 
would turn off. This phenomenon i s  i l lustrated in Figure 31, where the 
SCR was bypassed and the circuit  was opened by the protective circuit  re lay  
to enable better observation of the reclosing phenomenon. 
that the reclosing occurred in one, o r  a very few, of the fuse channels and 
thus the fuse would re f i re  i n  a ve ry  short  time. 
It i s  probable 
Although, overall,  the channels of fuse Ql had enlarged 3 t imes in  
t e r m s  of cross-section after 90 tes t  f ir ings,  microscopic examination after 
test showed visually that all 13 la rger  passages eroded about equally. 
erosion of the six small passages could be detected. This again i l lustrates  
the advantage of narrower channels as well as the general  tendency to divide 
current  and energy evenly among parallel  passages 
No 
It is interesting to note that the three "flat" channel sapphire devices, 
made in  the Figure 8 configuration, a lso indicated a slight tendency toward 
reclosing and refiring. 
by 0.090 inch) i s  believed to foster  this behavior. 
mercu ry  is  not always completely ejected f rom the channel, or  the a r c  may 
be quenched by the re-entering liquid mercu ry  at the ends of the channel 
where the energy density is  low, a s  indicated by the selective erosion of 
one of these devices (see "Thermally-Induced Bore Erosion"). 
The very  wide but thin cross-section (0.0015 inch 
Perhaps the liquid 
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DISCUSSION OF. RESULTS 
In discussing the results i n  this section, four major  a r e a s  a r e  treated 
(1) factors in circuit  protection, (2) a r c  behavior and in  the order  indicated: 
thermal erosion, (3)  fabrication and mater ia ls  for the fuse channel, and 
(4) design parameters  for  the fuse channel. 
FACTORS IN CIRCUIT PROTECTION 
Circuit protection a s  provided by the fuses developed here  i s  superior 
to conventional fuses in  several  respects.  
by these 15-ampere rated devices would experience response t ime and I t 
energy much lower than for  15-ampere-rated conventional fuses. Protec-  
tion i s  comparable to 3 o r  4 ampere- ra ted  conventional fuses. The a r c  
which develops in  conventional fuses a l so  often pe r s i s t s  l o m 2  second or  
longer a t  low impedance - -  on the order  of 1 ohm. Thus, the fault-induced 
energy allowed.by a conventional fuse during the a r c  state i s  often compar- 
able to the energy passed before the fuse l l f i res ' l ,  while the self-healing fuse 
permits  l i t t le a r c -  state energy. 
circuit  are also much m o r e  favorable f o r  self-healing fuses, especially 
where the fuse operates i n  the arc-extinguishing mode in  a solid-state circuit ,  
such a s  for the tes t  circuit  used in  this investigation. 
faults (such as occasional commutation failures in  SCR-operated inverter 
circuits). A simple logic circuit  function which delays operation of the 
circuit  protective switch f o r  about second would allow the SCR to 
switch off without the protective switch being operated for minor faults. 
The protective switch would be required to switch comparatively l i t t le 
energy in  any event, since the self-healing fuse passes  l i t t le circuit  energy 
even if the switch closed at peak fuse current,  a few milliseconds after the 
initial fuse firing ( re fer  to fuse operation shown in  Figure 26). 
protective switch may have contacts of relatively low energy rating and be 
a light, fast-acting switch, compared to the large,  heavy contacts required 
to open high fault cur ren ts  where no fuse i s  used. 
Faulted circuits being protected 
2 
The requirements  for  switching a faulted 
The fuse can fulfill a 
, fault- clearing switch function by very  quickly clearing short- term minor 
Thus the 
Where the self-healing fuse  i s  used a s  a current  l imiter  by taking ad- 
vantage of the high-impedance a r c ,  a s  might be advantageous i n  motor 
circuits, for  example, the a r c  current  would have to  be limited to about  
half the fuse rated current  to provide long fuse life. This requirement dict- 
a t e s  a n  appreciable circuit  l o s s  for these devices, because impedance rat ios  
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l a rge r  than 500 may be impract ical ,  based on experiments reported herein.  
With 1 / 2  ra ted cur ren t  a s  a l imit ,  the 500 rat io  resu l t s  in 1/250 th (or 0.4 
percent) of the cikcuit power being continuously dissipated in the fuse during 
normal  c i rcui t  operation. 
Conventional fuses  a r e  superior  i n  this respect ,  r a r e l y  dissipating 
over 1/1000 of the circui t  power. However, specially designed one-time 
fuses  which provide fas t  response and low energy limiting performance 
comparable to these self-healing types a r e  more  comparable in  c i rcui t  
dissipation. 
ARC BEHAVIOR AND THERMAL EROSION 
The e r r a t i c  nature of the confined metal-vapor a r c  dealt with here  
makes specific design parameters  difficult to derive,  but trends and ranges 
of the a r c  parameters  have been defined reasonably well. 
The most  cr i t ical  parameter ,  the tendency of the a r c  to extinguish, 
was also the most  e r r a t i c  and elusive to accurately define. The most  r e p r e -  
sentative data a r e  shown in Figure 28. 
obtained from fuses  which were comparatively consistent in their  arc extinc- 
tion behavior a s  well a s  providing good performance a s  fuses .  
were cylindrical-bore single-channel devices, except f o r  the equivalent 
diameter 0. 004-inch alumina and 0.0026'-inch sapphire devices. The la t ter  
devices were actually 0.0025 and 0,0015 inch "flat" channel fuses ,  respec-  
tively, and the equivalent diameter  was derived by using a 1;s5:1 geometry 
factor ( refer  to Appendix A ) .  Two multiple-channel fuses a r e  a lso separ -  
ately plotted on Figure 28. 
The data points a r e  average values 
The fuses  
The striking but somewhat puzzling aspect  of these data i s  the large 
difference between the extinction threshold voltages for  alumina and sapphire 
fuses .  
in  favor of alumina. 
0.010 inch. 
formed more  e r ra t ica l ly  o r  were only given brief tests.  
F o r  fuse channels 0.025 inch in diameter ,  the ratio is almost  2 to 1 
This trend pe r s i s t s  down to diameters  of less  than 
A similar trend was observed among other fuses  which pe r -  
I t  i s  believed that ablation cooling of the a r c  due to mater ia l  being 
vaporized off the l e s s  re f rac tory  alumina surface i s  probably responsible 
f o r  the stronger tendency toward a r c  extinction. If this process  i s  respons- 
ible for  the better alumina performance, it would be related to the impurit ies 
in  the alumina as compared to the impurity-free sapphire. It i s  surpr is ing,  
then, that the ul t ra-pure alumina with about one fifth of the impuri t ies  of the 
99 percent  alumina performed much the same a s  the latter.  I t  was also 
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noted that the 99-percent aluminas showed no appreciable tendency to change 
toward a lower arc extinction voltage as material was evaporated f r o m  the 
surface, a process  that would tend to "refine" the melted alumina surface 
to a higher purity, thus leading to l e s s  ablation as testing continued. The 
ablation-cooling process ,  therefore,  may not be the dominant factor in  the 
arc extinction tendency of alumina devices, unless the alumina becomes 
porous enough to re ta in minute amounts of liquid mercu ry  until after the 
transition explosion and the mercu ry  then evaporates a s  the channel walls 
a r e  heated, contributing to a r c  extinction. 
F o r  applications where rapid circui t  switching (experienced when the 
fuse extinguishes and rec loses)  is  undesirable, such a s  in  high-inductance 
dc circuits o r  motor circuits,  the current-limiting a r c  would be the more  
important factor.  
ible impedance ratio,  and sapphire should be used because of the high energy 
tolerance required.  The only devices fulfilling these requirements,  of those 
tested, a r e  the flat channel sapphire fuses  of 0.0015 inch o r  l e s s  channel 
thickness. 
inch) per  100 circuit  volts - -  and a separate paral le l  channel should be 
provided fo r  each 5 amperes  of fuse rating approximately, to overcome the 
concentration of arc  energy. ( re fer  to "Thermally-Induced Bore Erosion"). 
A fuse of this latter type would require  the highest feas- 
Such fuse channels would be very  short  - -  about 0.25 cm (0. 10 
FABRICATION AND MATERIALS FOR THE FUSE CHANNEL 
Two principal areas of concern in fabrication of these fuses  a r e  (1) 
placing the precompression res t ra in t  around the alumina o r  sapphire channel 
material ,  and (2) techniques for  fabricating the ve ry  narrow channels des i r -  
able in  these devices. 
The res t ra in t  problem can be well resolved by either of the designs 
shown previouslyinFigures  1 and 2, and described ear l ie r  in  the text. 
The glass-molded design has the advantage of being a smaller, lighter 
weight device and probably can be mass-produced at less  cost  since it i s  
inherently a one-step fabrication process  and requi res  l e s s  precision fitting 
of par ts .  The double-conical design could be improved in  both these re- 
spects,  by welding the two end caps (while under heavy force)  ra ther  than 
bolting the end caps together to apply the heavy restraint .  
conical piece probably can be molded in  glass  also,  eliminating the expen- 
sive, precise  machining of the alumina or  sapphire. 
double-conical device with par t ia l  success ,  but the glass molding technique 
would need more  refinement. ) 
The inner double- 
(This  was tri-ed for  one 
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Achieving a reliable channel s t ructure  i n  the case  of very  narrow 
channels i s  a more  formidable problem for sapphire than for  alumina, 
which can be extruded i n  multiple- channel fo rms  with channel diameters  
a s  small  as 0.008-inch and perhaps smaller.  
Sapphire can be obtained in  single 0.009-inch diameter channels, 
grown a s  single-crystal  material .  
molded into multiple-channel forms.  
Figure 8) offer very  narrow channels but a r e  difficult to fabricate with 
channels f r e e  of the glass  bonding mater ia l ,  in  the case of either alumina 
o r  sapphi're. 
These pieces then a r e  readily glass- 
The flat channel devices ( refer  to 
Either mater ia l  can a l so  be fabricated into the rod configuration shown 
in  Figure 7, o r  s imi la r  rod configurations. 
g lass  problem was not as prevalent fo r  the rod dev'icesfabricated, the center 
rod must  be well-bonded to r e s i s t  being loosened by transit ion forces.  In 
the F igure  7 configuration, filling two of the s ix  open passages with glass  
bonding mater ia l  should accomplish this. 
Even though the extraneous 
Two c lasses  of alumina were  used for channel mater ia ls ,  high purity 
commercial  alumina (99t  percent  alumina) and a proprietary ul t ra-pure 
(99.8t percent)  alumina body prepared in  General Elec t r ic ' s  Microwave 
Tube Ceramic Laboratory. The ul t ra-pure alumina has  advantages as a 
channel mater ia l  i n  that  it i s  about intermediate between commercial  alumina 
and sapphire i n  re f rac tor iness  (softening temperature)  and has  exhibited a r c  
extinction propert ies  s imilar  to the commercial  alumina. 
signed for  rapid a r c  extinction using ul t ra-pure alumina channels should be 
more  rel iable  than commercial  alumina types. 
Thus fuses  de- 
The sandwich devices offer the possibility of fabricating fuse channels 
of more  erosion-resis tant  mater ia l s  than the alumina o r  sapphire, but the 
fabrication problems a r e  still formidable. 
s imi la r  to  the double-conical s t ructure  of Figure 1 around a sandwich co re  
of glass-bonded ce rme t  o r  plasma- sprayed molybdenum ( refer  to the "Fuse  
Designs" section) is considered a good approach. 
could provide both heavy axial and radial  r e s t r a in t  for  the sandwich core. 
The use of a n  outer s t ruc ture  
This type of s t ruc ture  
It is considered equally feasible to use other more  re f rac tory  oxides 
for the bore material .  Yttria, beryllia and thoria a r e  candidates, but all 
would need to be of unusually high purity to be more  re f rac tory  than sapphire. 
Ultra-pure yt t r ia  and thoria a r e  available in  limited forms  at present  and 
other re f rac tor ies  such a s  nitrides may become available. The more  erosion- 
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resis tant  mater ia l s  a r e  not considered necessary unless fuses  which oper- 
a te  i n  the high-impedance a r c  mode a r e  to be fabricated, as was discussed 
previously. 
At  the other extreme of much l e s s  re f rac tory  mater ia l s  i s  silicone 
rubber. Two sandwich devices utilizing rubber for  insulating l aye r s  were 
tested and two factors  were  noted about their  performance: (1) the a r c  
would self-extinguish very  rapidly, and (2)  the erosion of the rubber a f te r  
ten tes t  f i r ings was negligible although the surface was ' 'charred" in  appear- 
ance. These factors  i n  combination suggest that a very  small  quantity of 
bore mater ia l  (perhaps only a few atomic l aye r s )  vaporized from the surface 
would ablation-cool the a r c  and lead to rapid extinction. 
fa i lure  was injection of liquid mercury  into the thin rubber l aye r s  of the 
molybdenum sandwich (refer  to "Fuse  Design"), suggesting that a silicone 
rubber insulated sandwich device using thicker l aye r s  of rubber and with 
heavy res t ra in t  paral le l  to the fuse bore would operate reliably for  up to  
fifty operations. Such a device could be l e s s  expensive to fabr icate  than 
the more  refractory mater ia ls .  
The cause for  fuse 
DESIGN PARAMETERS FOR F U S E  CHANNELS 
Because the a r c  extinction threshold voltage falls  rapidly for  larger 
bores ,  it becomes difficult to design fuse bore of more  than 0.011 inch 
(equivalent diameter)  of sapphire o r  0.015 inch of alumina, when operation 
with a r c  extinction i s  to be assured.  
to Figure 28) the channel s ize  can be doubled with a n  attendant reduction 
of only 25 percent  i n  extinction voltage. This affords considerable flexi- 
bility i n  design parameters ,  especially for  the Ilflat" channel devices (shown 
in  Figure 8); the cross-sect ion of the fuse channel can be changed consider- 
ably without appreciably changing the wall a r e a  of these wide, thin-channel 
configurations, a s  discussed below. The use of channels about 0. 010-inch 
diameter in  high-purity alumina is a l so  desirable  because such mater ia l  
can be readily fabricated i n  multiple-channel forms.  
designs of these types a r e  shown in  Figure 32. 
F o r  very  narrow channels, ( refer  
Suggested fuse channel 
It would be advantageous to make flat-channel devices with the wide 
channel divided into two o r  more  channels, to overcome the concentration 
of a r c  energy and channel erosion described ea r l i e r  under "Thermally 
Induced Bore Erosion". Because of the e r r a t i c  nature of the a r c s  occur- 
r ing in  these fuses ,  there  is a smal l  probability that the a r c s  may p e r s i s t  
several  milliseconds for  any fuse design, and this consideration makes the 
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Figure 32 - Suggested Design Improvements for Fuse  
Channels 
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higher arc impedance desirable,  more  s o  for the alumina devices than 
sapphire, which is  more  refractory.  Therefore,  the arc impedance data 
shown in Figure 24  indicate that devices of l e s s  than 0.008 inch (equivalent 
diameter)  would be more  reliable in  the presence of an occasional a r c  of 
substantial duration. 
Some straightforward calculations will aid in  designing fuse channels 
with respec t  to the 12t protection a fuse will provide, and in calculating the 
fuse cur ren t  rating for  long-term operation. These calculations a r e  based 
' on the energy mechanisms which determine long-term and short- term oper- 
ation. The specific heat capacity of the mercu ry  in  the fuse channel deter-  
mines character is t ics  for  t imes  l e s s  than second, while heat conduction 
f r o m  the mercu ry  to the walls of the fuse channel is  the dominant mechanism 
fo r  t imes longer than 10-1 second. 
A simple expression for the shor t - te rm 1% energydue to specific heat 
is  derived in  Appendix C. 
ably well f o r  the fuses  tested during this program, for  short  fuse firing 
t imes.  The heat conduction character is t ics ,  measurements ,  and calcul- 
ations used in estimating fuse cur ren t  ratings for  long-term operation a r e  
a lso included in  Appendix C. The calculations a r e  a lso useful i n  designing 
fuses  of various ratings,  based on the resis tance calculated f r o m  the channel 
geometry for  obtaining the I2R wattage of the channel, and the relationship 
This relationship has  been found to hold reason- 
I 2 R = 360 a, , ,where aw is the fuse channel wall a r e a  in  e m  2 . 
The ability of a given fuse channel to r e s i s t  thermally induced erosion 
i s  directly related to the a r e a  of the channel wall, assuming the a r c  energy 
to  be evenly distributed over the wall a rea .  
a fuse channel for maximum wall a r ea ,  while the fuse current  rating limits 
the wall area, a s  described above. 
Thus it i s  desirable to design 
F o r  a single cylindrical channel the only design adjustment available 
F o r  non-cylindrical configurations i s  to design for  maximum allowable R.  
of single channels, the geometry can be aajusted to provide la rger  wall 
a r e a s  for  a given R ,  but the gains a r e  limited due to the uneven energy 
distribution, a s  discussed above. 
There i s  an additional flexibility in  design afforded by the multiple- 
channel configurations, in  that pa r t  of the wall a r e a  of some fuse channels 
does not contribute to the long-term thermal balance because no net heat 
is  conducted the through the channel walls. 
of Figure 7 would conduct little heat f r o m  the fuse channels into the center 
F o r  example, the "-rod design 
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of the s t ructure  for  the long fuse channels in these devices. 
Figure 7 configuration is  considered to utilize only 2 / 3  of the actual channel 
wall a r e a  in selecting a value of aw to calculate a fuse cur ren t  rating. Ex- 
perimental  data confirm that this assumption i s  reasonable. 
Thus, the 
Similarly, the configuration shown in Figure 10 would use an  effec- 
tive wall area aw equal to the cylinder formed by the inside diameter of the 
outer tubing. Channels formed by a close-spaced ring of holes as shown i n  
Figure 32 would have a representative aw approximated by a cylinder pass- 
ing through the hole centers.  Since the high purity aluminas can be readily 
extruded o r  machined in such forms,  this design becomes very  attractive 
for  future fuse designs. 
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CONCLUSIONS 
Extensive self-heating fuse tes t s  performed which simulated the pro- 
tection of a faulted SCR circuit  show these fuses  to  be superior to conven- 
tional fuses in  protecting solid state devices, in  that better energy-limiting 
action and fas te r  switching action are obtained. Tes t  data obtained show 
consistent performance, i n  t e r m s  of the energy-limiting action, f o r  severa l  
fuse Configurations and mater ia ls .  The available data can be projected to 
design fuses  which will protect  a range of solid state devices. 
It has been found that containment requirements imposed by the ex- 
plosive transit ion state of fuse operation can be fulfilled by either of two 
design configurations, 
to NASA for  fur ther  tes ts .  
Fuses  of one of these configurations were furnished 
The durability of the fuses  tested was most  cri t ically related to the 
W i t h  the smaller fuse channel tendency of the arc to quickly extinguish. 
this tendency improved. Because of this factor ,  sapphire fuses  with a 
diameter of less  than 0. 011 inch o r  alumina fuses  l e s s  than 0.015 inch 
provided better durability, and even smaller s izes  a r e  expected to  show 
greater  improvement. 
Very high a r c  impedance was obtained for  channels l e s s  than 0.002 
inch ac ross  and these devices can provide longer- term operation as non- 
switching current  l imi te rs .  
twice the heat f l u x  tolerated by alumina for  such devices. 
Sapphire was found capable of withstanding 
A simple bello.ws, mechanically res t ra ined to r e s i s t  impact forces ,  
adequately provides the elast ic  characteristics required of the fuse con- 
tainer.  A new seal-off technique utilizing silicone rubber was developed 
for  use in  these devices. 
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Appendix A 
AN ANALYSIS O F  HIGH-PRESSURE METAL 
VAPOR ARCS IN NARROW CHANNELS 
'INTRODUCTION 
This appendix descr ibes  calculations performed for the voltage-current- 
temperature character is t ics  of high p res su re  meta l  vapor a r c  in  nar row 
channels. 
atomic thermal  conduction, electronic thermal  conduction, ionic diffusion 
and recombination, and thermal  radiation. All of these a r e  shown to be 
significant i n  mercu ry  vapor a r c s ,  a t  thicknesses below a mil l imeter ,  oper-  
ated near  the minima of the volt-ampere character is t ics .  A procedure i s  
also developed for combining calculations for  a r c s  in  which a single dissipa- 
tion mechanism dominates into character is t ics  that can be compared with 
experimental data on a r c s  in which severa l  dissipation mechanism are 
imp o r  tan t . 
Several  power dissipation mechanisms a r e  considered here:  
Although we tend to associate negative incremental  res is tances  with 
high-pressure a r c  columns, experience has  shown that this association is 
valid only for  a l imited range of operating conditions. 
usually exhibits a falling volt-ampere character is t ic  (negative incremental  
res is tance)  a t  low cur ren ts ,  but a positive incremental  res is tance for  suf- 
ficiently high cur ren ts ,  
tive resis tance often i s  not c lear ,  and may differ among different devices, 
but it can be described by the following simple analysis. 
Any given arc device 
The physics of this transition f r o m  negative to posi- 
The power input P to unit length of a steady, axially uniform arc  column 
subject to e lectr ic  field E and carrying cur ren t  I. is 
P = E1 
The conductance G of unit length of that arc  column i s  
Then 
2 E = P/G, 
I2 = PG 
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and 
dE 
dI 
-
Equation (1) shows that the sign of (dE/dI), the incremental  res is tance of 
unit length of a r c  column, is  determined by whether o r  not d (Qn  G ) / d ( l n  P) 
exceeds unity, i. e . ,  by whether o r  not the column conductance increases 
re la t ive lyfas te r  o r  slower than the power input to the column. Thus the 
factors determining the column resist ivity a r e  those affecting the number,  
distribution, and mobility of charge c a r r i e r s ,  and the dissipation mechanisms 
t ransferr ing the electr ical  energy input to the walls surrounding the a r c  
column. 
differentials that include the effects of changes in  temperature and current  
density distributions. 
It should be noted that the differentials in Equation (1) a r e  total  
The high p res su re  a r c  columns encountered in specific devices may 
be any of severa l  types having the common feature that the power dissipated 
in  the discharge is  la rge ly  thermalized in the column, then delivered to the 
surrounding walls by ei ther  thermal  conduction or  radiation. (Convective 
heat t ransport  is a negligible factor in the relatively long thin channels of 
principal in te res t  here .  ) The character is t ics  of these discharge types a r e  
determined largely by whether: 
(a )  the electron mobility in  the channel is  governed by electron-atom 
("slightly-ionized plasma") o r  electron-ion ("fully-ionized plasma") interactions; 
(b) the t ransmission of power to the channel walls is accomplished 
mainly by atomic thermal  conduction, electronic thermal conduction, o r  
radiation. 
Not a l l  possible combinations of these factors  have interest ,  but the following 
modes seem likely to occur in  physical situations: 
(2)  slightly-ionized plasma, atomic-conduction cooling, 
( 3 ) s lightly - ioni zed plasma, ele c t r oni c - conduction cooling, 
(4) slightly-ionized plasma, ion diffusion cooling, 
(5)  fully-ionized plasma, electronic-conduction cooling, 
(6) slightly ionized o r  fully-ionized plasma,  radiation cooling. 
Mode 2 and mode 6 at low cur ren ts  give negative resis tances .  
modes yield positive incremental  res is tances ,  
The other 
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SLIGHTLY -IONIZED, ATOMIC-CONDUCTION COOLED DISCHARGE (Mode 2) 
F o r  simplicity in describing this mode, the assumption is tnade that 
momentum transfer  in electron collisions with the walls of the discharge 
channel can be neglected. In addition, i t  is assumed that the energies of 
the electrons and atoms in the channel can be described in  te rms  of a single 
temperature  function T, and that the fractional ionization is smal l  and corres- 
ponds to  local thermal  equilibrium a t  that temperature.  These assumptions 
give 
and a temperature  dependence of 
eU 
2kT a?.€ - - I  
e lectr ical  conductivity that is approximately 
(3)  
corresponding to the principal temperature  dependence,of the fractional 
ionization. Here  D i s  the electr ical  Conductivity, e and rn the electron 
charge and m a s s ,  k the Boltzmann constant, U the lowest ionization potential 
of the vapor, ne and na the electron and atom densities, and vea the frequency 
f o r  electron momentum transfer  to the neutral  atoms. 
the thermal  conductivity K, of the neutral  vapor is taken f r o m  kinetic theory1: 
The expression for  
where A,, is the appropriate c ros s  section fo r  atom-atom collisions (about 
30 a for mercury)  and <v,> is the average thermal  speed of the neutral  
atoms. 
temperature,  
2 
The thermal  conductivity then var ies  a s  the square root of the 
d{an K ) 
d(1n  T )  a = 112 
The t ransport  of heat in the channel is described by the usual energy 
balance 
2 - V *  (K VT) = QE , 
a 
which also may be written as  
2 oE 2 d ( a n  Ka) I V T )  = - - *  
a v2T ' d ( Q n  T)  T K (7) 
F o r  the flat-channel geometry shown in Figure 33,' Equatiqn, (7)  becomes 
or  equivalently 
Equations (9)  and (5) have the f irst  integral  
L 
2ToEL dT 
a (E) = - f  i, K 
0 
i f  T = To at channel center (x = 0)  where (dT/dx) = 0. 
mate solution of Equation ( l o ) ,  only the exponential temperature  variation of 
the integrand caused by ionization changes is  considered, 
To permi t  an approxi- 
2T (T E' 
TK ao IT < dT O 
1 
0 
2 
(21 ," -., 2T (T E2 0 0  
ao TK 
eU 
2 
e U T  a E 
0 0  
ao kTK 
2kT, 
€ 
eU 
2kT 
0 
E 
LT 0 E 
- 
0 
2kT 
eU 
2kT dT 
- 
-U - du 
2 
U 
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Figure  33 - Geometry fo r  Flat-Channel Discharge 
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Because the values of eU/kTo of interest  he re  a r e  quite large,  20 to 50, 
for values of T not too close to To 'and the;.slowwariatlian oi.tki$ l / u  
can be neglected and the in te rgra l  i s  approximately 
2 t e r m  
eU -
2 - eU 
ZkTo 
-U 2kT 
2 
- d u -  [-$) E -  - 
0 
2kT 
Then 7 7 
T =o. EL 
0 0  
ao TK 
The solution to Equation (12)  giving T = Tw at  X = X is 
.W 
1 / z  3 / 2  [ 9kuoE 2 (xW-x)' ] 
- W 
T 3 l 2  - T 
I K eU ao 3 /2 
0 
In par t icular ,  since xw = t / 2 ,  (where t i s  the channel width) &id T - Td 
at x = 0, Equation (13) gives 
4eU 
9kEZ t2 
( o o / K  a0 1 - - 
[l - (T w o  /T )3'2 ] 
The left side of this equation depends only on To for  given T, and meta l  
vapor p re s su re .  
of T, and To, because of the strong temperature  dependence of 0,. 
right side depends only on E and t. 
a r c  temperature  To  as a function of the experimental  pa rame te r s ,  and shows 
that To tends to dec rease  slowly as  E increases ,  
It increases  strongly a s  To inc reases ,  for  pract ical  values 
The 
Thus Equation (14) determines the cent ra l  
'The power Pw delivered to unit a r e a  of the wall may be est imated f r o m  
which becomes, with use  of Equations ( 3 )  and (12) 
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eU 
_I 
T 
eUK 
6 6  2kT dT 
W 
0 
Again, provided that Tw differs f rom To by at leas t  10 o r  20 percent,  , 
the inbegral can be approximated to give 
eUK 
W 
o r ,  with use  of Equation (14) 
K T  
t 
0 
The average cur ren t  density in the discharge <J> i s  then 
P 4K T 
- 2 w  
t E  
<J> = - - -  
3E t2 
Because To dec reases  somewhat a s  E increases ,  the average cur ren t  
density <J> a lso  decreases  a s  E increases ,  somewhat more  rapidly than 
(l/E). This is a negative resis tance a r c  with propert ies  s imi la r  to those 
of a tmospheric-pressure a r c  
Equation (17) to eliminate Kao yields the f o r m  
Substitution of Equation (14) in 
(3kT / e U )  
0 
3 / 2 1  
< J > =  0 E 
which shows that the average cur ren t  density is, for reasonable values of 
To and Tw, considerably below its value a t  the center of the discharge. 
this is a heavily contracted discharge. 
Thus 
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The negative resis tance character is t ic  of this type of a r c  column is 
related easi ly  to the introductory analysis given in the "Introduction" of this 
Appendix. Fo r  values of Tw that a r e  sufficiently small ,  Equations (18) and 
(3) give 
while Equations (16) and (5) give 
3/2 P - T  
0 
when the channel geometry i s  fixed. Then 
d ( a n  G) 
d ( a n  P) 
and a strongly negative incremental  res is tance is assured. 
SLIGHTLY-IONIZED, ELECTRONIC-CONDUCTION COOLED 
DISCHARGE (Mode 3) 
If the electron density in the discharge becomes sufficiently large,  .the 
In analyzing this possibility, the assumption is made that the popul- 
This temperature,  however, need no longer equal 
electrons can take over the thermal  conduction function f r o m  the neutral  
atoms. 
ations of the various electronic s ta tes  a r e  distributed according to single 
electron temperature  T. 
the neutral-atom temperature.  
Equations (2) and (3) s t i l l  hold, and so do Equation (6) through (9) i f  
Ka is replaced by the electronic thermal  conductivity Ke. 
F ranz  law gives a convenient relation between (T and Ke, 
The Wiedemann- 
2 
K e = 3 ( 4 )  T o  
7 1  
which replaces  Equation (4). 
now 
The derivative of the thermal  conductivity is 
e U  = 1t- d(1  n o )  d(1  nT) 2kT 
d(Q nKe 1 
= 1 t  d(Q nT) 
Substitution of Equations (19)  and (20) in  Equation (9) gives 
-& [y(g)'2] +$ (1 +%)( $)2 = -;(5) 2 1  -
T 
which has  the first integral  
e U  
eU 
kT dT 
-- 
giving (dT/dx) = 0, T = To, at x =  0, An approximate integration gives 
This equation gives a temperature  profile that i s  quite uniform over the 
cent ra l  half of the channel, and plunges sharply to wall temperature  in  the 
outer quar te rs .  
approximate fashion by dividing the channel in  two par ts .  
ordinate at which eU/k  (1 /T  - l / T o )  = 1. 
exponential t e r m  can be approximated by the first two t e r m s  in  its s e r i e s  
expansion to give 
The integration of Equation (23) can be accomplished in 
Let xs be the co- 
Then for  x 5 x s ,  T E To, and the 
which has the solution 
T - T  kT 2 
0 
S 
0 
T 
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where 
kT 1 /2  
0 
kT 
x S = - ( 6 $ )  eE 
F o r  x > xs, the exponential term in the brackets of Equation (23) i s  large 
and 
c 4 
The solution to this equation matching the solution at x = x is 
S 
U 
‘(U - uo) 
(28) 
S 
, x >  x du 
2kT eE(x-xsyz k 
= +(z)2 0 
u 1 t 1 / 2  E U 3 
0 
where u = (eU/2kT). 
of u of interest  here ,  x var ies  little with temperature.  
F o r  the large values of uo and the even la rger  values 
The wall coordinate 
therefore may be taken as the value of x for  which T -c 0, u -c a. 
xW 
Then 
1 kT 0 j 6 k T o / e U  
G eE [l+(kT 0 /eU)]  (xw - xs) = - - 
and, with Equation (26) and the assumption kT /eU <<1, 
0 
eEt  
2kT - 
0 
(29) 
This relation determines the central  temperature  To, and shows that for  
this discharge mode the temperature  increases  with electr ic  field. 
The power delivered to the wall  may be estimated by dividing the 
integral  of Equation (15) into two par t s ,  for  0 < x <,x 
and substituting for  dx/dT f rom Equations (24) and (27). 
f r o m  0 < x < xs is 
and x < x < x , 
S 
The contr ibaion 
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2 
O E  
0 
kT 'I2 
"[f [1+*)] 
0 
kT 
J Ts 
0 
T 
and that f r o m  x < x < x is 
S W 
eU 1 -  [ ~ - ( T / T  ,] 2kT 0 
0 
-9 1- (T /T  ) 
0 
2 
O E  
0 
-% (+ 
W 
T 
-. E dT ", 0 
T 
5 2 
d ( +  aao"  x S 
2 
O E  
0 1 T S 
In these evaluations, f r e e  use has been made of the assumptions (T /T )zl 
and (eU/kT ) >> 1. o s  Thus the power to the wall i s  given by 
0 
La+ &J a o ~  2 x 2 0 . 6 3 0  E 2 x 
W 
P -  - 
W 0 w -  6- 
The average cur ren t  density i s  about 63 percent of i t s  peak value, and the 
discharge is relatively uniform across  the channel. 
To, and To increases  with E ,  the electr ical  character is t ic  for this mode 
exhibits positive incremental  r e  si s tance . 
Since O, increases  with 
In the t e rms  of the introductory analysis,  the conductance var ies  as 
eU - 
0 
2kT G - u  - E  
while 
when 
and a 
0 
Equations (31) and (30) give 
D 
2 3 A W 
p = -  - G E  - G T  
X 0 
W 
the geometry is fixed. Then 
< 1  
d(an G) - 1 - 
d ( a n  P) 1 t (6kT /eU) 
0 
slightly positive incremental  res is tance prevails.  
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SLIGHTLY -IONIZED, ION DIFFUSION COOLED DISCHARGE (Mode 4) 
As the electron density in  the discharge increases ,  the ion density 
In estimating these losses  
increases  in  equal amount, and neutralization of ions a t  the wall of the dis- 
charge can provide a significant energy loss. 
each ion may be considered to c a r r y  a potential energy e U  equal to the 
ionization energy. 
is  associated a flow of energy eUri .  
energy loss ,  the energy balance for  the arc  gives 
Then with the density ri of ion particle diffusion, there  
If this flow provides the dominant 
The ion flux density - ri is given by 
I' = - D  V n i  
-i a 
where Da is the ambipolar diffusion coefficient 
k - (T. t T ) a = pia e 1 e 
( 3 3 )  
(34 )  
and pia is  the mobility of ions determined by ion-atom collisions. 
assumed in  the following that electronic and ionic temperatures  a r e  equal. 
It is  
A T = T  = T  
i e (35 )  
Then since the electr ical  conductivity o given by Equation (2 )  also can be 
expressed a s  
o = n e,U = n i e  pea (36)  ' e a  e 
Equation (32)  .can be written 
2 
d ni 
dx 
f -2 ( 3 7 )  
for  plane-parallel geometry. 
in Equation ( 3 7 )  because i t  usually varies much l e s s  rapidly than the ion 
density in  these discharges,  
The temperature  has  been taken as a constant 
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The solution to Equation (37 )  giving a maximum ion density a t  channel 
center and n -c 0 a t  the wall  is i 
n = n cos (nxx/t) ( 3 8 )  i io  
with 
kT - 'ea E2t2 - -  _.__ -
e p i a  2n 2 u '(391 
The ion density nio a t  channel center i s  not determined by this analysis. 
Since the diffusive loss f r o m  the central  region i s  small ,  nio can be calcul- 
ated f rom conditions f o r  thermal  equilibrium and charge neutrality a t  
channel center.  
F r o m  Equation (38)  the average 
The average conductivity i s  similarly 
and the average current  density i s  
2 
n o  
<J>= - (T E 
ion density in the channel i s  ( 2 / n )  nio. 
related to that a t  channel center o 0 , 
The conductance derivative for  this situation i s  
< 1  
d(nn G)  1 
d(kn P) - 1 t (2kT /eU) 
0 
so that the incremental  res is tance is slightly positive but l e s s  than that for  
mode 3 .  
F U L L Y  -IONIZED, ELECTRONIC-CONDUCTION COOLED DISCHARGE (Mode 
If the electron and ion densities in the discharge become sufficiently 
large,  electron collisions with ions become the dominant factor limiting the 
electron mobility, and the fourth discharge mode appears. 
Equation (2)  for the electr ical  conductivity i s  replaced by 
In this situation, 
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where n. is  the ion density. 
the ions a r e  predominantly singly charged. 
a plasma Debye length, which is the usual situation for this mode, the 
plasma is  electr ical ly  neutral  almost everywhere and 
F o r  discharge temperatures  up to a few volts, 
F o r  channels much wider than 
1 
n 
- - 1  
n -  
e 
i 
The electr ical  conductivity then var ies  as 
3 f.2 n i 
(7!-J- - T  
'ei 
The proportionality constant he re  is a ,dnction oI the physical propert ies  
of e lectrons,  and can be obtained f r o m  Spi tzer ' s  analysis.  3 
The Wiedemann-Frana law, Equation (19) is useful here  also,  and 
shows with Equation (42) that 
5 / 2  K - T  e 
and 
Substitution of Equation (19) and (43)  in  the energy balance Equation 
(9) (with K, replaced by Ke) gives 
(44) 
The first ntegral  of Equation (35) giving (dT/dx) = 0 at x = 0, T = T i 
0 
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The temperature  distribution then should be obtained by integration of 
-JT dT 112 =K(F) x (46) 
0 
T 
Again i t  is necessary to do the integration approximately by dividing the 
interval into two par ts .  
temperature  Ts defined by (T0/T,)5 = 3. and 
Equation (45) becomes 
Let xs be the coordinate a t  which there occurs  the 
Then f o r  x < xg, T -N T 
0 
An integration then gives 
T -  S 
O 
for  the profile start ing a t  x = 0, T = T . F o r  T = T Equation (48) gives 
0 S 
F o r  x > x , the unity t e r m  in the bracket of Equation (45) may be neglected. 
Then 8 
dT 
d x -  S 
The solution to this equation matching Equation (48) a t  x = xs is 
512 eE(x-xs) -iT ( % )  d T z  k 
S 
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which gives 
eE(x-x ) 
S 
0 
kT 
0 
The requirement that this curve passes  through (xw, Tw) gives for  
(TJT l7l2 >> 1 
W 
eE(x  -xs) 7 1  10 
L = 0 . 3 6  W 
0 
kT 
Combination of Equations (49) and 62:) gives for  the relation between elec- 
t r ic  field, channel s ize ,  and central  a r c  temperature  
,N 1.45 eEt  
2kT 
- 
0 
(53) 
'The power delivered to unit a r e a  of the wall again may be estimated 
as the s u m  of the powers dissipated in the channel for  0 < x < xs and 
xs < x < x*. The first integral  is, f rom Equations (15), (42) and (47), 
2 3 
1 / 2  
a E  -1 /2  
0 
2 
- U  E 
dY 
0 0 kT 
0 
T 
since (T/To)  ,N 1 in this range. 
(42) and (50), 
The second integral , is ,  f rom Equations (15), 
7 9  
I 
5 12 kT T 5 T *  
d T =  6 (*) (JOEz[($) -($) T 
I .  0 0 
T 
J. 
9 
2 
kT 
ci . 1 8  ($) ooE 
5 f o r  (Ts /Tw)  >> 1. Then the power density a t  the wall is approximately 
kT 
P W 1.16 (--$?)ooE2 
or, in view of Equation (53) 
2 P - 0.800 E x 
W -  o w  
(54) 
( 5 5 )  
Thus the average cur ren t  density in the channel i s  aboutz'80 percent  af i t s  
maximum value for  this mode. This discharge also i s  quite uniform and 
exhibits positive incremental  res is tance.  The conductance var ies  a s  
3/2 - T  G - 0: 
0 
while Equation (54) and (53)  give 
2 P 
0 
p = -  W - G E 2 - G T  
X 
W 
when the geometry is fixed. Thus 
and the incremental  res is tance i s  rat,,er strongly posiJve.  
RADIATION-COOLED DISCHARGE (Mode 6) 
When radiation is the main energy loss  mechanism, the discharge 
temperature ,  particle densit ies,  and cur ren t  density tend to be uniform 
throughout the discharge,  and the discharge equations take the simple f o r m  
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J = U E  (56) 
0 
and 
Here g i s  the emissivity of the discharge, s the Stefan-Boltzmann constant 
(5.67 x 1,0'8 watts/mZ-?k4) andfhe remaining symbols have the usual mean- 
ings. Substitution of Equation (56) in E.quation (57) gives 
Thus i f  u0 (p,  To)  and &p, To, t)  a r e  known, Equation (58) can be used to 
calculate the electr ic  field E for  any temperature  T and p res su re  p, and 
Equation (56) then can be used to calculate the corresponding cur ren t  density 
J .  Determination of the conductivity i s  a straightforward process  involving 
calculation of electron densities f r o m  the Saha equation, the use  of these 
densities in Equation (2)  to calculate resist ivit ies associated with electron- 
atom interactions, .and the use of Spitzer 's  analysis to calculate resist ivit ies 
caused by electron-ion interactions, 
more  complex problem, and because of this complexity much of the simplicity 
of the preceding development is  only apparent. 
Determination of the emissivity i s  a 
Radiation f r o m  the discharge comes a s  atomic line radiation, molecular 
band. radiation, and electronic continua. The electronic continua may come 
f rom f ree  electrons recombining into discrete  s ta tes  (free-bound transit ions) 
o r  f r o m  f r e e  electrons interacting with electromagnetic fields (free-free 
transitions). F o r  the meta l  vapor discharges of principal in te res t  here ,  
molecular band radiation and recombination continua should be minor factors ,  
and the principal sources  should be atomic line radiation (dominant at low 
cur ren t  densities) arid the f ree- f ree  electron continuum (dominant at high 
cur ren t  densities). 
The f ree- f ree  contiuum radiation can be estimated by calculating the 
energy absorbed by the free electrons in equilibrium with the thermal  radia- 
tion field, and then equating the powers absorbed and radiated. The motion 
of a single electron driven by an electr ic  field - E and undergoing momentum 
transfer  collisions with an average frequency v is  described by the momentum 
balance 
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dv 
dt 
- m -  t v m x  = -eE - ( 5 9 )  
The component of the velocity that is correlated 
co 
f 
- VT v(t)  = - 4L 1 E E( t -7  ) d7 rn - 
0 
and the average ra te  a t  which the electron gains 
with the - E field is then 
energy f r o m  the field is 
For a single sinusoidal field component 
E = E  cos Wt 
-rn ax - 
the average in the integral  on the right of Equation ( 6  1)’is 
E2 
max 
<E( t )  - * - E(t-7)> = cos 0 7  
and the average power absorbed f r o m  the field by the electron (and dissipated 
in collisions) is  
2 E2 e V max 
m 2  2 2 
-e  <v(t) E ( t )>  = - - - 
Then the absorption length L for  incoherent absorption of frequency o by a 
plasma containing electron density n e is 
A L =  incident power pe r  unit a r e a  power absorption per  unit volume 
C max 
E2 
- E O  2 - 
E2 
2 
n e  
e V m ax 
rn 2 2 2 v t L 3  
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2 2 
C(V 4- w ) 
2 L =  
P 
VW 
where %is the usual electron plasma frequency 
2 1/2 o = (nee / m e O )  
P 
The significance of the absorption length i s  that a beam of frequency w 
incident on the plasma decreases  in power with penetration x into the plasma 
a s  exp - (x/L). 
If the plasma is in thermal  equilibrium with an enclosure at temperature  
T,  i t  is subjected to isotropic thermal  radiation having the Planck spec t rum 
power per  unit a r e a  
2 2 (6w/kT) - 1) per unit frequency 
3 ?io 
4n c ( E  
r 0 - (*) C ( V  -40 1 - E  c 
Then if  the plasma i s  in the f o r m  of a slab of thickness t, so that the average 
path length through the plasma is 2t for isotropic radiation, the total power 
absorbed by the plasma f rom the radiation is 
I- 
3 
+IO 
2 2 fiho/kT) 
4n c (e - 1) 
In thermal  equilibrium the plasma must  radiate an equal amount of power; 
Since the radiation per unit a r ea  also can be expressed a s  E ~ T * ,  the plasma 
emissivity errnust be 
d o  (64) 
- 1  2 2 (Ihw/kT) 47f c ( E  
0 
This integral  cannot be evaluated exactly in  closed f o r m  and must  be caicul- 
ated numerically or, as done here ,  ,approximated by a simpler expression, 
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The approximation used he re  in  evaluating the plasma emissivity can 
be motivated by noting that the spec t ra l  emissivity 
is  highest at low frequencies and approaches zero  a s  w -c 00. 
line between "low" and "high" frequencies occurs where the argument of the 
exponential has  unit magnitude, 
The dividing 
2 v w 2  t P 
' 2 2  1 =  
C(w + I /  ) 
2 v  w2 t 
w -  2  pC 
[ l -  Z] 
Above this cr i t ical  frequency the spectral  emissivity goes rapidly to zero;  
a t  lower frequencies it approaches 
which is close to unity for  the range of conditions where electron radiation 
is  significant, (r > 100 mho /m and t > 
can be approximated by a function that is unity for 
m. Thus the spec t ra l  emissivity 
. I . .  
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and zero  otherwise.  
continuum) given by Equation (64) then is approximately 
The total emissivity (for the f r ee - f r ee  electron 
4 sT 
0 
- 
2 2 (.Kio/kT) 
471 c (E - 1) 
Equation (65) can be expressed in t e rms  of an in tegra l  over wavelength ,a 
giving 
This formulation has  the advantage that the right side of Equation (66) is a 
tabulated function. 4 
Equation (66) should give a good approximation to the emissivi ty  of the 
discharge when the fractional ionization i s  la rge  and most  of the radiation 
comes f r o m  thermal  electrons.  At low fract ional  ionization i t  gives too low 
values because most  of the emission is atomic line radiation. To account 
roughly for  this atomic radiation, while avoiding the complexities of calcul-  
ating radiation associated with par t icular  atomic s t ruc tures ,  a lower limit 
i s  put he re  at the rat io  (dt) used in Equations (57) and (58). F o r  present  
purposes the emissivi ty  calculated f r o m  Equation (66) is used'if that value 
satisfies (G/ t )  1 2 0 0  m-l. 
below this l imit ,  that  calculation is ignored, and a value (G/t) = 200 m - l  is 
used in Equations (57) and (58). This is a very  crude approximation, but a 
useful one in an initial study of the conditions under which the various d iss i -  
pation mechanisms a r e  important.  The value (dt) = 200 m-l corresponds 
to a value (edd) = 100 m-l for  cylindrical discharges and is based on the 
observation that meta l  vapor lamp discharges of a few atmospheres  p r e s s u r e  
and a centimeter diameter ,  where atomic radiation is a dominant factor ,  a r e  
approaching opacity, 
When the value calculated f r o m  Equation (66) falls  
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The incremental  res i s tances  of radiation cooled discharges may be 
either positive o r  negative. At the lower cur ren t  densit ies,  the electr ical  
conductivity var ies  with temperature  more  rapidly than the radiated power 
and the discharge exhibits negative incremental  res i s tance ,  At high cu r ren t  
densit ies where a high fraction of the meta l  vapor is ionized the converse is 
t rue.  
CALCULATION OF VOLT -AMPERE CHARACTERISTICS 
Figures  34 and 35 show volt-ampere plots for discharges in 0.002- 
and 0.020-inch wide channels in mercu ry  vapor at  one atmosphere pressure.': ' 
Each of the numbered curves in these f igures  was calculated asstiming th.at 
the corresponding mode of discharge operation dominated. Table Videntifiea 
the modes (whose numbering corresponds to the preceding section numbers)  
and summar izes  the calculations for each mode. In addition to these calcul-  
ations, which have been specified in detail  in the preceding sections,  i t  is 
necessa ry  to calculate e lectron density and electr ical  conductivity for  various 
temperatures  and p r e s s u r e s  a s  outlined in a ,subsequent section. 
F r o m  F igures  34 ' and  3% I i t  appears  that  all the processes  discussed 
contribute significantly to discharge behavior within the range of channel widths 
covered and that modes 2 ,  3 ,  5, and 6 al l  a r e  dominant under some conditions 
within the range. Dominance h e r e  is indicated by the la rges t  voltage gradient 
(and thus the s t rongest  energy loss  mechanism) for  a given average cu r ren t  
density. 
however, because the cent ra l  discharge tempera ture  var ies  as a function of 
c u r r e n t  density differently along the different mode curves.  In addition the 
tempera ture  and cur ren t  density profiles differ among the various modes at 
a given average cu r ren t  density. Thus, in par t icu lar ,  i t  is  not possible to 
get a total discharge voltage gradient for  a fixed cu r ren t  simply by adding 
the voltage gradients for  the five modes a t  that curr'ent. 
Only qualitative conclusions should be drawn f r o m  these f igures ,  
Inspection of Table V shows that modes 3,  4, 5, and 6 a r e  similar in 
providing fair ly  uniform tempera ture  and cu r ren t  density distributions within 
the discharge.  
ranges f r o m  1.0 to 1 .6  for  these four modes.  F o r  these modes i t  appears  
reasonable to assume that the modes can coexist  without much intbraction 
and that the total  power loss  at a fixed cent ra l  t empera ture  is  the sum of the 
individual mode lo s ses  at that t empera ture ,  
not exis t  together,  since these a r e  just  two asymptotic approximations to 
discharges in which a single energy dissipation mechanism dominates, that  
of electronic the rma l  conduction, ) On the other hand, mode 2 is  a heavily 
The rat io  of peak cur ren t  density to average cu r ren t  density 
(Of course ,  modes 3 and 5 do 
:k3ee footnote on page 94 
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Figure 34 - Voltage-Current Character is t ics  for  the Five Modes 
in  an  Atmospheric-Pressure Mercury  Vapor Discharge 
0.002-Inch Thick 
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Figure  35 - Voltage-Current Character is t ics  for the Five Modes 
in an  Atmospheric-Pressure Mercury  Vapor Discharge 
0.020,-Inch Thick 
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N 
x bC 
o * 
contracted, nonuniform discharge in which the peak current  density typically 
i s  10 or  'more t imes the average. This mode i s  not likely to coexist with the 
others without great  distortion; either i t  o r  they will dominate. 
The preceding reasoning indicates that the problem of generating volt- 
ampere character is t ics  for  practical  discharges in which several. dissipation 
mechanisms a r e  active can be handled in two stages. F i r s t ,  the charac te r -  
is t ic  of the contracted discharge cooled by atomic thermal  conduction mode 2 
can be calculated a s  outlined in TableV. Next, the character is t ic  of the 
relatively uniform discharge cooled by electronic thermal  conduction, ion 
diffusion, and radiation can be calculated, 
always shows that at low cur ren t  the mode 2 discharge dissipates the lhrger  
power and requi res  the greater  voltage gradient, while a t  high currents  the 
uniform discharge dissipates the la rger  power. 
mechanisms actually a r e  operating in every r e a l  discharge,  and since the 
strongest dissipation mechanisms determine discharge behavior, the real 
discharge should approximate the mode 2 discharge at low currents  and the 
uniform discharge at  high currents .  
the uniform discharge i s  assumed he re  to occur a t  conditions where the two 
volt-ampere character is  t ics  c ros  s . 
A plot o f  these two character is t ics  
Since a l l  the dissipation 
The transition f rom the contracted to 
A need remains for a procedure by which the calculations for  modes 3, 
At any given central  temperature  
4, 5, and 6, a s  outlined in  TableV, can be combined to provide volt-ampere 
chanacterist ics for  the uniform discharge. 
To and total p re s su re  p, the average electr ical  conductivity of the uniform 
discharge is  determined, and the power dissipated is proportional to Ez.  
Thus if  the uniform discharge is to dissipate, at fixed To and p,  the sum of 
the powers dissipated by modc 6 ,  mode 4, and the more  relevant of modes 3 and 5, 
the square of i t s  voltage gradient must equal the sum of the squares  of the 
individual mode voltage gradients at that temperature  and pressure .  Tlie 
average current  density of the uniform discharge then i s  approximately the 
product of the resulting voltage gradient E and the known conductivity C J ~ .  
The curves of Figure 36 were constructedaccording to the preceding 
prescription. 
f rom about 0.4 eV on the left to about 1.0 eV on the right. In the upper left 
corner  the resu l t s  a r e  dominated by mode 2, in the upper right by mode 5, 
in  the lower right by mode 6, and in  the lower left by combinations of modes 
3 and 6. 
a t  the la rger  discharge thicknesses where radiative dissipation predominates,  
and more  rapidly a t  the smal le r  thicknesses where conductive dissipation 
predominates, approaching a dependence like Emint = (constant). 
The central  discharge temperatures  vary along each curve 
The minimum voltage gradients obtained vary slowly with thickness 
The 
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Figure 36 - Combined Voltage-Current Characterist ics for  
Atmospheric P r e s s u r e  Mercury Vapor Discharge 
of Several  Thicknesses 
9 1  
2 voltage minima occur near  an average cur ren t  density of 1000 amp/cm 
over the range of discharge thicknesses studied. This relative constancy 
of average cu r ren t  density at voltage minimum may be a fortuitous resul t  
valid only fo r  mercu ry  vapor. 
Portions of the curves in F igures  34,' 35, a n d  36 dre  a .  drawn with 
a dashed line to indicate regions where the present  calculations indicate that 
atomic line radiation provides the dominant power loss.  
crudeness  of the approximation used in  calculating the loss due to line rad i -  
ation, these portions of the curves should be regarded as tenative approxim- 
ations,  With additional work i t  should be possible to do much bet ter ;  the 
present  approximation is  sufficient, however, to outline the regions where 
line radiation may be an important loss  process .  
Because of the 
In comparing these calculations with experimental  data i t  may be 
convenient to use  experimental  resul ts  for  cylindrical discharges.  
this is  done, cylinders and slabs of the same surface-to-volume ratio should 
be compared in the regions where radiative effects dominate, and cylinders 
and s labs  having the same  ' 'diffusion length" should be compared in regions 
where conductive 1.osses dominate. F o r  the same surface-to-volume rat io  
When 
of a cylinder of diameter  d and a slab of thickness t 
d =  2t 
Equality of diffusion lengths requi res  that 
t--, 1 . 5 t  (2) (2 .4 )  
lr 
d =  
Thus these s lab calculations may be compared with resu l t s  for  cy  
discharges of diameters  1. 5 to 2 t imes the s lab thicknesses. 
CONCLUSIONS 
indrica 
The calculations performed he re  show that s eve ra l  dissipation mech- 
anisms - atomic thermal  conduction, electronic thermal  canduction, ionic 
diffusion, and radiation, have significant effects on high p res su re  mercu ry  
vapor a r c s ,  at thicknesses up to one mi l l imeter ,  operated near  the voltage 
minima of the volt-ampere characterist ics.* Similar effects a r e  expected in 
other metal  vapors.  Of these dissipation mechanisms, all but ionic diffusion 
become the dominant loss  mechanism for  some conditions within the ranges 
studied, 
0 Seelfootnote on page 94 
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The computational procedure developed he re  provides a reasonable, 
but a s  yet untested, way of combining the relatively elementary calculations 
for  volt-ampere-temperature character is t ics  of discharges in which one 
l o s s  mechanism dominates to provide approximate characteristics for real 
discharges in which severa l  loss processes  a r e  present  simultaneously. 
The resul ts  obtained point out the need for  a better t reatment  of 
atomic line radiation than is given here ,  particularly for the calculation of 
the minimum electr ic  fields that will support mercu ry  vapor discharges in  
channels of thicknesses exceeding 0.002 inch. 
Few experimental resul ts  are available a t  present  to check these calcul- 
ations and no detailed comparisons have been performed yet. A cursory  in- 
spection of some experimental  data for  mercury  vapor arcs in  channels of 
0.020- to 0. 040-inch thicknesses driven by low impedance sources  providing 
electr ic  fields of 100 to 200 v / c m  indicates that the calculated curves give 
good agreement with experiment in  this radiation-dominated region. 
CALCULATION O F  ELECTRON DENSITIES AND ELECTRICAL 
CONDUCTIVITIES 
The calculations outlined in  the preceding sections require  evaluation 
of the electron densities and electr ical  conductivities a t  the center of the 
discharge for  given p res su re  and central  temperature.  The electron density 
is  obtained by simultaneous solufion of the equation for e lectr ical  neutrality, 
n = n. 
e 1 
the ideal gas law, 
p = (nao t n t n. ) kT eo 10 0 
and the thermal  equilibrium condition o r  Saha equation 
Here ge, gi and g a r e  the degeneracy factors  for the electron, ion, and 
atom, respectively equal to 2,  2,  and 1 for mercury.  These expressions 
a r e  adequate for temperatures  below the level (somewhat greater  than 1 e V  
for mercury)  where multiple ionization becomes a significant factor.  
a 
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Once the electron and neutral  densities a r e  known the resist ivity due 
to electron-atom interactions can be calculated f rom 
1 - -  - 1 
'ea neepea 
The mobility pea for  electrons in  mercu ry  vapor used in  these calculations 
is  given by 
23 -1 n = 4 x 10 (m-volt-sec) for  mercu ry  'ea a 
The electron ion component of res is t ivi ty  is calculated conveniently 
f r o m  resul ts  obtained by Spitzer and colleagues which yield 
In A = 65.3 - (ohm- meter ) 1 - 
3 12 ' e i  
0 when the ions c a r r y  a single electronic charge. Here T is in  K. The para-  
me te r  l n A  is  a slowly varying function of temperature and electron density 
that is  approximately 6 for the conditions of in te res t  here .  
done he re  use 
The calculations 
- - -  400 (ohm-meter) 1 - 312 ' e i  T 
The net  conductivity (J can be estimated f r o m  
1 t- 1 1 ' - E -  'ea ' e i  
::;NOTE: Since the preceding work was completed an e r r o r  has been dis-  
covered in the numerical  calculations for Mode 6,  the discharge 
cooled by f ree-free electron radiation. The effect of the e r r o r  
i s  to exaggerate great ly  the power dissipated in this mode. The 
curves for  Mode 6 in  F igures  34 and 35 suffer f r o m  this e r r o r  
and should be ignored, as should the curves in  Figure 36 for  
thicknesses exceeding 0.010 inches. 
When the numerical  e r r o r  is eliminated the conclusion resul ts  
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that f ree- f ree  electron radiation i s  not a significant power dis-  
sipation process  for  any conditions of interest to  the operation 
of self-healing fuses.  
governing a r c  operation at large thicknesses and high current  
densities a r e  not yet understood in  quantitative t e rms .  
The power dissipation mechanisms 
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Appendix B 
SURFACE EFFECTS OF HIGH-ENERGY PULSES 
This appendix contains a derivation for the surface temperature  r i s e  
of a surface a s  a resul t  of applying a rectangular shaped heat-energy pulse 
to the surface. 
made. 
In the interest  of simplicity, certain assumptions will be 
In general ,  the following derivation s t ems  f r o m  two basic facts: 
(a)  A temperature  gradient is  established in  accordance with the 
applied energy density. 
(b) The amount of mater ia l  heated and the average temperature  r i s e  
of that mater ia l  mus t  be consistent with the energy that i s  absorbed by the 
mater ia l .  
It i s  assumed that: 
1. The power dissipation at the surface during the energy pulse period 
is  constant, 
is  actually not a rectangle, the rectangle may  be defined a s  one having a 
width equal to the duration t ime of the energy pulse and a height such that 
the area represents  the energy given up during the pulse. 
While a plot of energy versus  time for typical CSCL operation 
2. The gradient established at the heated surface extends inward to 
the point where it intersects  the X axis (line AC) in  Figure 37 .  
case is  a gradient that decreases  as penetration is increased (curve AD). 
(It is  believed that the e r r o r  caused by the above assumption is  sma l l  since 
a r e a  ABC i s  about 80 percent of the a r e a  ABD.) In the derivation, the a r e a  
of the triangle ABC will represent  the energy absorbed by the surface. The 
a r e a  under the actual gradient, then, cannot exceed the triangular a rea .  
a r e a  under the triangle is more  near ly  equal to the area under a curved 
gradient, when the curved gradient is adjusted downward some 10 percent 
as irrthe- case of EF. 
r i s e  will be higher than the actual r i s e ,  and, i f  desired,  this 10-percent 
correction can be made. ) 
The actual 
The 
( F r o m  the above, the calculated surface temperature  
3 .  The heat flow is l inear for  a single event. Because the penetration 
is  s o  small in the transient case,  compared to the cross-section of the heat 
front, the mater ia l  being heated may  be considered as a solid having a c r o s s -  
section equal to the a r e a  of the impinging heat front and a depth equal to the 
depth of penetration. 
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PENETRATION 
Figure 37 - Generalized Temperature Profiles 
for  Heated Surfaces 
4. The physical constants of the mater ia l  being evaluated i n  temperature  
remain  constant. 
chosen so  as not to overstate the temperature  r i se .  
While this i s  not completely t rue ,  the constants may be 
The notations used a r e  a s  follows: 
0 AT = temperature  r i s e ,  K at  anode surface 
(avg. AT) = average AT of the anode mater ia l  affected 
by heat  front = Hp/2 
The general  energy relationship becomes: 
q = C ~ D V  (avg AT) = cS a D p 
using AT = Hp 
and H =  A Kat 
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Solving Equation (67) for p: 
o r  2 Kt and p = p = -  2 
S ‘ s  
a l K t C S D  a 7 / K C s D  
Y/2 
Thus, the surface temperature  rise resulting f rom a pulse of energ 
for a given cur ren t  limiter bore geometry would be a function of (KCsD)’ 
for  the bore mater ia l  and re f rac tory  metals  have approximately a 2-to-1 
advantage in  this factor. The bore erosion experienced will be a function 
of surface temperature  and the refractor iness  of the bore material. 
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Appendix C 
CURRENT LIMITERS DRIVEN B Y  CONSTANT CURRENTS 
This appendix presents  a derivation of expressions relating channel 
g e o p e t r y  and current  to current  limiter firing time for  the case where the 
"fault" current  is  constant, as depicted in  Figure 17. 
If the channel is  assumed to be a uniform cylinder, and thermal  con- 
duction i s  neglected, the heating is determined by the energy balance: 
The solution to this equation giving T = Tc at t = 0, when i remains constant 
and R var ies  l inearly with temperature  T such that: 
R = R [I t a  (T  - T,)] (73)  
C 
i s  
o r  
2 
R i t =  
ln[1 t a (T - Tc)]Cs 
C a 
(74)  
(75)  
When the Dulong-Petit value (3k per  atom) is used to estimate specific 
heat  'we obtain: 
3N kRaQ 
M 
0 c =  
S 
We m a y  substitute for  cold resistance Rc  the expression: 
Q 
_. 
p c  a R =  C (77 )  
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Substituting equations (76) and (77) in  equation (75), we obtain: 
3N 0 kD ln[ l  t cy (T  - Tc)] 
a 
2 i t =  
M P C  cy 
Since cy (T - T ) is  small, this may  be written 
C 
3N kD(T  - Tc) 2 0 
i t r  a 
MPC 
( 7 9 )  
The firing of the limiter presumably occurs  at the t ime when T equals the 
boiling point of the m e r c u r y  at its filling pressure .  
Except for  minor changes that occur when the f i l l  p r e s su re  i s  var ied,  
) times a constant determined by the f i l l  metal. 
2 the quantity (i t) at fir ing f o r  a cylindrical  column driven by constant cur ren t  
i s  (a F o r  m e r c u r y  and load- 
ing p res su re  of a few atmospheres ,  we obtain: 
2 
( 8 0 )  
2 6 2  2 
i t E 5 x 1 0  a (amp) - sec 
2 where a r e a  i s  expressed in  c m  Note that the fir ing t ime is  ve ry  sensit ive 
to  cur ren t  and the cross-sect ion,  and var ies  about as the 4th power of the 
diameter for  cylindrical channels e 
This relationship is  plotted for 0. 015-inch and 0.020-inch diameter  
cylinders of m e r c u r y  in Figure 38.  
and 0.023 inch fuses  is  a l so  plotted here .  
The actual performance of 0.020 inch 
It should be noted that the constant cur ren t  case  plotted in  F igure  38 
i s  a l so  valid for RMS current .  
l eas t  1 / 2  cycle duration, an  RMS value of 1/ f i Imax would apply. F o r  
seve re  fault cur ren ts ,  where circui t  inductance limits cur ren t  to an essen-  
t ially l inear function of t ime [i = (V /L) t ]  , an  RMS value of l/fi I,, 
would apply. 
F o r  sinusoidal alternating cur ren t  of at 
A s  would be expected, the actual performance begins to  deviate f r o m  
the theoret ical  line at about 4 milliseconds as the r a t e  of thermal  diffusion 
into the alumina begins t o  be appreciable. 
approach some cur ren t  level  where steady-state heat flow f r o m  the channel 
The curve will asymptotically 
100 
equals the energy dissipated in the channel, and this would become a current  
rating for  the fuse,  comparable to  a conventional fuse current  rating. This  
rating would be appreciably affected by the thermal  impedance of the mech- 
anical support s t ructure  of the fuse, of course,  and such considerations would 
probably be a factor i n  the eventual application of the fuse. 
Several  t es t  f ir ings have been made at constant currents  which cause 
the fuse to f i r e  after 10 to 30 seconds, 
0,015-inch diameter fuses  open in  10 to 30 seconds at 20 amperes ,  while 
0.020-inch fuses  open at 27 amperes  over the same interval. By using the 
wattage dissipated, the external fuse temperature ,  the boiling temperature  
of mercu ry  (as the internal  temperature) ,  and the channel wall a r ea ,  a good 
approximation of steady state thermal  impedance of the bore of the alumina 
fuse can be calculated. This impedance i s  a useful parameter  fo r  designing 
devices of various sizes.  Typical values of tes t  data and calculated values 
leading to thermal  impedance, expressed as a coefficient of film heat t ransfer ,  
a r e  shown in  Table VI. 
In summary,  the data show that 
Later ,  more  comprehensive data indicate that the most  representative 
2 0  film coefficient (h) i s  1 , 2  wat t s /cm / K and the film temperature  drop (ATf) 
i s  usually about 300 K for  alumina, sapphire o r  sandwich devices. Thus 
rated fuse current  (I) is  related to channel wall a r e a  by 12R = 360 a 
a i s  the wall a r e a  in  cm2 and R i s  the cold resistance of the mercu ry  in  
the channel i n  ohms. 
0 
where 
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Appendix D 
GLOSSARY O F  SYMBOLS 
Variables 
A 
a 
C 
cs 
D 
d 
E 
e 
G 
g 
H 
h 
45 
1,i 
3 
K 
k 
L 
J! 
M 
m 
NO 
n 
P 
pW 
P 
9 
R 
R C  
s 
T 
t 
U 
V 
(MKS units a r e  used except where specified otherwise) 
collision cross section 
surface or cross-sectional area 
velocity of light 
specific heat capacity of the liquid metal or solid 
density of the liquid metal 
diameter 
electric field 
electronic charge 
conductance of unit arc length 
statistical weight 
temperature gradient in OC 
Planck constant ( 6 . 6 2 6 ~  joule-sec) 
hlzn 
current 
current density 
thermal conductivity 
Boltzmann constant ( 1 . 3 8 ~  10 joule/OK) 
radiation absorption length 
column length 
molecular weight of the liquid metal 
electron mass 
Avogadro’s number 
particle density 
power input per unit arc length 
power to unit wall area 
depth of penetration of heat front in centimeters 
energy in watt-seconds 
electrical resistance of the liquid metal column 
“cold” resistance at t = 0 
Stefan-Boktzmann constant ( 5 . 6 7 ~  
absolute temperature 
time 
ionization potential 
volume of material in cm 
-23 
wattlm’ - OK) 
3 
a temperature coefficient of resistanc 
r 
E 
‘r 
‘ 0  
h 
cc 
V 
PC 
(I 
7 
W 
W 
P 
Subscripts 
a 
C 
e 
i 
max 
min 
0 
r 
8 
W 
P 
particle flux density 
naperian base 
emissivity 
vacuum permittivity 
wavelength 
mobility 
collision frequency 
cold resistivity 
electrical conductivity 
time 
frequency 
electron plasma frequency 
atom 
cold state 
electron 
ion 
maximum 
minimum 
discharge center 
radiation 
defined coordinate 
wall 
plasma 
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